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P- and E-selectins are adhesion molecules ex- 
pressed on activated endothelium and platelets 
at sites of vascular injury and inflammation. The 
selectins are important for leukocyte recruit- 
ment. Because little is known about the role of 
selectins in wound healing, ire studied cutaneous 
wound repair of full-thickness excisional skin 
wounds in mice lacking P-selectin, E-selectin, or 
both of these selectins. The absence of either se- 
lect in alone had no notable effect on healing, and 
the only deficit observed was a delay in early 
neutrophil extravasation in the P-selectin-defi- 
cient mice. Mice deficient in both P- and E-selec- 
tins had markedly reduced recruitment of in- 
flammatory cells and impaired closure of the 
wounds. Wound sections, studied up to 3 days 
after wounding, showed significant impairment 
of neutrophil influx. Macrophage numbers were 
also reduced in the double mutants at 3 and 7 
days after wounding as compared with wild-type 
mice. Additionally, a wider epithelial gap in the 
wounds of the P- and h select in-double -deficient 

mice 3 days ufitft UAttutding ittdtCiittrd delayed 

keratinocyte migration. These results demon- 
strate an important combined role for P- and 
E-selectins in processes leading to wound heal- 
ing. (Am f Pathol 1 997 1 50:1 701-1 709) 

P- and E-selectins are adhesion molecules of the 
selecim family expressed by st'muiated endothe- 
lium and activatec p ate ets. P-selectin is stored in 
^-granules of plate ets and in Weibel-Palade bod- 
ies of endothelia ceils/ : P-selectin is rapioly ex- 
pressed on the endothe iai cell surface upon de- 
granulation, and its synthesis can be further 
increased by cytokines.'- E-selectin is expressed 
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only after a dela/. as it is up-regulated by cyto- 
kines and requires oe novo synthesis/ 3 Leukocytes 
roll on these endothelial selectins subsequent y 
forming firm adhesions through -ntegrins rind mi- 
grating across the endothelium to reach the m- 
juied or irVlamed tissues. By promoting the first 
step in emiigr.-ttion of nf'arnmatory c ells, the eelec- 
t ns play inioohant roles in inflammatory and im- 
mune responses,' 1fl P-seiec. tn-defic en. mice 
ba.'e shown sgnificant :mpairmt in* of neutrophil, 
macrophage and lymphocyte htIu- n several 
acute and chrome inflammatory models'' 11 1 ': this 
moainment s further augmented in mice that are 
de r icient in botn P-selectir ana E-select n/ 4 " D Al- 
though adhesion of leucocytes to E-selectin has 
been demonstrated m vitro, u: E-sele<: tin-deficient 
m oe have not s^own any maior phonotype thus 
far 17 

Inflammatory eels play a cruoai role in wouno 
repa-r. yet it e not imown whether select ns contrib- 
ute to the wo ina-heaiinq process by mediating the 
recruitment of 'hese eel's In the hit. a nflammatoiy 
phase of wouno healing, neut r oonis and macro- 
phages arc recruited Neutrophils provide defense 
agamst invaoing microcganisms, r elease o-ygen 
rachca's. p r oducc oegraciatve enrymes, ano se- 
crete cyclones. Many neutrophils a*e evertuahy 
present m the clot covering the wo.ind and slough off 
with the eschar as healing progresses u? 19 Macro - 
pnages are critical for proteolysis ano r emovai nf 
debris as well as reconstructive processes ^ : 1 
~[>v.y phagoevtoce nga^ sms, e- press spec fic v 
bronectin va r ants ' ' ' release cytot- ines and grow*h 
tacrors including angiogenic: iacio's. and [jimh un; 
the formation of gran jlation tissue tha* replaces the 
provisional matn ■ . :i ' 1 Re-epitheliali.:at on of the 
wound takes place by the migration of the heratino- 
Cvtes from: the edges of the wouno towa r d the center 
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a.' -rid Oealma a;:: (D-a.rv-n r' leu>-> de aaf es aa 
o>r 'amrr I ay em; ,a .;■ ack ji />; ift-g-rs 
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tier ■ -I di^r; re r ta. 

A : 1 (E m-I a :-*.::t -l sa» -a ih.r selei r v . i rom-Bsed 
or i t.-l' icd ess-e : , am impc.rart tor r ,„ ,ibn-nt >f 
lea jh c y f c a. r tr a or eser si jdy ; *, t . • am • ic. a re 
funrrn c* try- -i ia< -re u ■■-.-.t-atirvE- n v\ r a ' j r a ■ j tr a - 
Toe .iopr:':£;L 1 1 tErc-i ivo- to anayor- i iraneeus 
\\< -'.u i: i repair * i -ne -a:' - : rg ;> r eler tr = I -sc e< : n 
and i r ic e cMie ent n :x>T of thea^ eotm : , 



Materials and Methods 

Mice 

Tv*vO- :o to jr-rni-.-nth-< -la O'dJSvO"' o7B O'C ann- 
mateheo. r c; - V pa E-, or n/ F- (d'aihkrlof'Oie'-r 
seier tir-ciefy ert for ale rro e gerra-ami by gene 
rrg-g ng' ; rare .sea >n :h a study Al e-por rion- 
ta or 'a>::- du^e c - y/re aoproyt.m by **"-e Armal Care 
£fd L-se Coorrnttces o* the fievv E'gaao Mooi«a-)l 
Onto- and t^- Co'ver * - -r BVoc Re^-.ir.;fa Beast-: 
MA 

Wounding and Tissue Preparation 

Mi-, t. vvcro arr.su ia' aeo v\ th :■' tro'narnarial (0 1 
ni v.) g t> -dy ,ve.:j!i*} or rirfo-yf ur ;r--- (Mea>*a' a 
F''itr.;a i- Mr-oro Mar dele r a -L ) anc hair a.v;- 'aa ijvaa 
fr-ni tiie r -ac k wv eiectri.; ipoe-a T'=.> r 7. r 
c i .;jr ta;i wiih 7 f j'^ a >he an : oJi-dar I- r v.C'U r aa 
v.t-'i- riado 0/ ;j'>rg jp ,-i *.:.|o ot a- ■ ,.iC iro r 
c-.r.-r :ieaiaiv\a ■: i F"-: yac--a:a;- : . vVarr acpon PA;-. E=ad 
l/e r 'g ..j ci !E oc : ~. icMa- star 1 1^-' 4- a r pun-"h r.oos; :B--4 
a' «'. i.mrTi'n^ ljo rr, "a*e!- -gira . an'- a •• al fiJ) t- ■ 
p.ai: a -r-: ac;h P e ova la /ea-: = =: ak n ■ .f ■ dank I- 
to-' aa^n-r ova aoana-; w^-'c "aaaa a* tne sa'-v- 
t n >; :ja t^c aa •. ;; f . ._a*or tv. j y;cu d-. a-"- ra i-- 
sir- uitanee-j!:--;. on 'na riah* ._ do Fo r -.-rra e-pe^- 
nx-''-'"5. w:=uni Jj- vvere ma je in mice t re- it-- : (. ra I ; a; a 
tnn if- 'hcprir fa4 -ar.il) ar[j buKarneihc ■ a^ole (1a. 
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a r ' o..s r ac- r a : i s a*- • aevm r m. " ct 
err--t/ecv a r, a a va^rmr^Cv a :3 c acer: 
o\:' aa a" ^ ?o t'^a -aoL.^0 : oc a :i;pc " n a 
:m - g : , c- --t aa /m : . • a a--e l - a x^a 
O' ; a;aa .ar: ae'"- a.: >; ,t tr rj r : .jaa :i. '-a; /.ear 
r " - c j| .na eg: . a as :' '.eo-- ;r . are a ::v .-.e a* - 
1 meC'. rpat;> f c f : - .•;[" Tne -r ■- /.c-'e 

* 'ret: aaa a- a"dj- ,'^- r - I rrr*ee v. ' r 2 
a rara'.d sks- : f;soe a'i-jr : m Tf e v.:'- j"-"is 
a-.---, c ,.t i "a » r- ir 4 : ■ : ar v;-"'-ial-::ef jvd&a- 
>:-f r tji s* c e , r»-m* a IL) ra: omb-r.ia-d 't 
far afira ..rici -•. t^ •• a- v\e r ^ - i r it ■ v. i-eri..i- 

t ■ • T «-a ara.i r« ;>a - iH^E ) F.dra.a-. : jia- r.M.j*'«.)p'" a 
y.^"-- ■ • re i a tf err re -'-orr- ; de o^a ,:1 
\ * ■■: rr. rn ; - ; ne'v "-h : . •••[>•• (! i /a :)ua & ■ raF . it 
--■ii r - -iaui 1 4 i.a:r or- 1 T f -e- r-ntr'0' ' nt-'^ade *re 
ci-"'* >■-:■ cha* ara: to /.a-.nd a is -er/ ^c^ae. 
f'i'-'" e neu* r ri:afii-a ' o.jki r '0\ L>e - o./ tec) lr'-at»-..jo *.ne 
rc j'roprda v\e f e a ,,red oas^d < r re r dan-rv ard 
t K - i'ea ■; :/ c SC f: -r * ' • • v .a ,f :|<-d la V e 

?, . .'ing acht "- - • oicated ibv-onre -a^ a -leutropr-il 
to-ii d r rie- « : ';'e-v.. f- ar nini 4 rv:ii<- -ited tlia: da-r.-.; 

entre . | : t . sc •" .v a. -is '.^cur-ied f>v ncrOa)' nf: . 
Tr- eo-tf'^ii.il gae : -:rat -inc-.- betae^r :he icaciag 
eage o- rr-gr,rrc; l- era* ' a =■ ' vtes ) aa~. meas ,iei.: n 
H.ek -atai'"ic c: p'ara*'in aections of -,\ v-.j'^o-t usn'.;: a 
!*•-■:' grid at a 10 naeedr it-.; .-thani T-"e arcai 'j- die 
C' ; i r j ati.o' * r- ^ ■ r-f^E-r.'.-i : r^.'d * Eaaes vvas v sn- 
a U^d by a ga* ' ' i-e r -OSO r;-f thro..g k i a Hit-rl"! CCD 
car--^ra ar o /,-a> cajanic ia-i j to y an i r rai>- ar".alya;S 
syat'-iii [[.(. ca Ors-dOMC) Tn*-- pa r af* ri sectors were 
Sia-iih'd fr.f na-,i ao^ c v-ad- F4 an -v d i body (Anier - 

C;r lyoe OjlJ'O '.. '"dea R.-:-> , . |, ; Mf)) aiOCi- 

fitr: : aori thir re*-.-„;; d.-scabco t -v Hare r-i al" 1 
u~.iag d"ie bio: n-st'Optaneir sy^av-o (li'y'r eci LatjMra- 

' ' Sao Fr i-a: . CA) and V^.Oi star- ABC ^ t 
(V-: tor Labi -'aton. Ba^/'crna- OA) 

All aectrrrv, a.;' t - -ri r>vd d*-[ -enoafd r t w :v^::- 
!' ,''-:. ! -gat'a''E a d'na'.t i- no/ar -'.":gi" - y tMe geri-:i*v"t--e 

eloper o\ida$e Assay 

F ■ *: i ■ e-d v\onn.J r : . : .je a;-r- .va :, a-d ir DhOE-ofaV - 
f., ijt^^-ci • and ni im- .gen .:ed n ' a" or 00 
r ' v, ''i L pcoa-~. ur r_.ho£.p-oite b..f*er r : ~ c he-aao- 
c .■ 'nrieval anrn: -ni-j^" -iOag-n.': one** <a C-'-. "r 
L-:-.:- MCa rin. : hid- oh a •'- a <; , :. • • • d 
F' ■ >' r on f -■■r-*- .aen . -r (i^./ r. a • 'a • •* 1 a =e-; o r ' a-' v 
' ' i: ,; ; .a >o. a: O ..• • aa-ro. a " • i c y-a *.)r 
••' da 0^.:-ac- I i/rao --ri-e *i" an: -ertr- 
f ...]•■■] at 4?.»:; o . ; 4 :um"' .0 rits ae^- ■ :r ■ 
: r _a- : and ar: : f c r rnyJopr a^riane actio b. 
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adding 0 30 ml of supernatant to 0 ^70 mi of 50 
mrnol/L potassium phosphate buffer, pH . r .. r .. con- 
taining D.^c U-d anos \ io dihydn ■■; hl< -nde (Sigma ) 
ard O.Oc-0 i 7o hydruyei ; j erO) > .id* 1 a 'id mea-onrg U"e 
change m absorbance at 460 nrn over 4 mirute: 
The ass.^y used was a mod fin atn =n of the rnotnod 
descnoccl by Trusfi et ah Jf) 

Statistical Analysis 

The P values were obta nod using Students Mest v.r 
all statistical analysis e-oeot for scoring of neutro- 
phiis i' _i cloVesc har, whch was analysed usmy the 
Mann-Wf;itney U test 



Results 

Neutrophil Recruitment 

Neutroph l numbers in ttie tissue weie aoa.y.'ed 1 
hour. 4 hours. 1 day a-id 3 days afte- wound ng n 
the se:e<::in-de f ieient and corresponding wHd-type 
race. Noutropni s that had migrated outside the 
blood vcosoh .fito tissues 1 and 4 hour-; afte r vvouno- 
mg were counted microscopic ally n H&E-stained 
sections In the P-selec-tin-defici^nt mice, signri- 
oantiy ess neutrophil "htratioo was present n the 
tissues m 4 -hou*' woumts compared *vit rt w Id-type 
mice (Figure 'A and Figure 2. A and B); however, by 
4 hoars, mary neutrophils:, emigrated out of too olood 
vesse.s into the wound se' tions m both the mutant 
and wila-type mice, and the difference between ge- 
notypes was no longe r sgoifican* (Figure "A and 
Figure 2. D and E) E-se ectio-defioeo: rn ce showed 
no decrease n noufooh I irfiliration at Che* tirre 
point (Figme 1B) In connast rmce deficient tor both 
P-selectm and F-seleor nad rnarhxily impaired 
nentrooh l nflu ■ at 1 hour as well as 4 hoars (Figure 
1C and Figu-e 2. O and F>. By day 1. the large 
number c.f neutrophils m the tissues orecluded nu- 
crcecoo'C cu intimtioo. Thomfom, rryelopero> da- : e 
activity was as'-.ayea from me wound sectors 1 or 3 
days a'ter pjur v There wa>- a --mall increase n my 
eleocooid ase activity .n f'-sc lec iin-def c :ecr m:> e 
compared w-ith wild-type n ice at day 1 (Figure 1F>) 
Again, ri-a aiffererce n the reut^iphl mtj-, in ti e 
E se'ect:c-defic ent m co was onservec: (F gure 1F ) 
l" contrast, a Mgmhcart redu-r.'-'O'" iri neioophii re- 
:.ruitmeu* persisted in mice de'ic ent for both P-se- 
ectir and E -selectin in the 1- and :-day wound e, 
although tno deference between the mutant mice 
and the wild type mice nam :wed :>/ day 3 (Figure 

We e/aluated histologic at sections 1 day a'ter 
wounding from both wild-type and P./E-se ectin-doj- 
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Figure 1. .<.cntraphil recruitment i>. -..kin incisional in ttmls A ><> C: 
\ am her.. <■;' nciifn >[>h-h per se<_ ti< <n vcrc dctcnnnii'tl hy , <><■■ nliu^ r-i 
{ fdl-sta.m tl :i'ai<< ns raider the m \ ioso- >/>i' D and F: \urtrotihrl i> 
filtration n as "stahll.d c I hy met!: tf : m yelnfu-n >xi(lasi (icli'ily m /,■ c 
n-clio/is. A \ci(l''>l>htl ui/fiihcr- u--rc ,i^in/'iutii/i'y ri-JtKCit I h<r;r 
ctftvr ic^ui-tCi}^ i', lh<- /' .■■i'k-Ltin-(i( hewnt mice cani/xin-d tcith iri/ -' 
rv/H' >ni:vy n - / (<> 5. /*' ft.n.H; n->uvvr. hy t hi-ars. the nc,-tfn>f>»i/ 
iianiix'r: !/■ I he /■ > -:('h'c/ i ti-Jc/icii-'tl /nice max -a-i v O )i - ■/■ /' "" -).l r, r 
D: By day /. dnjuiy n.on- uiych pa j -vv/dst' </<./// ity :cas thyerrcd 11/ tf-c 
tuiitcmt m,:( 'ii =-- 11 !■> it. P ■ if .■// ) B ( /// ( / E; .\<> d-ffi n-tin'r tu re 
nh.vnvd i" inc I. ;eh ciin -dc/'icicfi: w/cc a.< cm/wrcd tnlh icild ty;-c 
mice. C aid F: -u^ni/ic indy redta'd tiei<!r< phif n-cndfuieut ir.:o- 
< ihyeriv-i a- die P i-seiectin d >uh!e- e'efii .enl /)ii( e compan d ici/1: icild 
1 l/'c mice a*. 1 a) in i iu-m \ < // -- ( S' /. / l<>. P (/ Oft! K ii. u. el! ii.-' 1 (Hid 
0 tides ( a -■ <c P < <)n<>-{\ after ie<>t/edi,n.> \~idue:< ere reported a:. 
nu.an :. SUM and a represents- t 1 ^ e i nJh-r of mit a I : ec'u >ns 



ble-defn:ient mice. Sections obtained from wi ! d-type 
mice e • tab 1 ted a dense infiltrate of inlammatot'y 
cells, mainly neutrophils subjacent to the c ot/es- 
ehar. In the doubie-defic ien: mice, ->uch mf Urates & 
neutrophils cc-uld not be seen n most of the sections 
(Fgure 1 A Bad B) In a few instances, a small bare 
of neutrophils was observed at the wound edge. By 
day 3 however, dense neutrophilic inf Itrates coma 
also be seen in :ne P/F-m.jtant mice, although they 
were st H significantly ess oromrent tnan those o- 
w Id-type mice figure 3 C and D). The density arc: 
area occupied hy me neu-/ophils in the clot/eschar 
v'isuaT/ scored on a scae cf 0 to 4 was significantly 
higher in ^ila-t\pe mice (P < 0.0003: median P,E 
- h 4. P/E: -, - 1 .75), anci the pattern of distnoution 
in the clot/eschar was also different from the P/E- 
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Figure 2. Ifhtnh ,vv -.r t //,..„.■ < I :i v // ^mui nx-.i n/tcr ni/itrv hi /A i .tmin •<( >< < /.■ <> • • >l ' tin- in nnni.. >n-in r> ,f >hil* 'arrow u v/v <J^-r vd caw// h. tittup 
tn.-m the hl,,<,J M'vm/-. />/ //'. ■< ,IJ t\vc inn <■ I h<>ur nfk-r u-< >n miw:- i A > n/ut.-h ct/.v; ./ iTc • .h^-n eJ n/ llu /' f.a ti h , h-fu wnf *B * tii tic e 

/' /■' v/t'i //// i/<>!(h/i . /<;//( :cr' »i; t c < C i /;r < h'-ur, ucitin >/>/>i/ in;h-:-- n ,/s ,,hs.Tn - ; .w '/v /' v7o //>/ ./c/n ,v;// w/- r < E '. hmn-tt-r :r the f> J ■ 
(/"'//'/r r/r/k /(•/// »//«■(■ i F i. '< -/m C(/ i-t'tffn./in:/ i\\ rn il mo.'! < > >>>ij>, m-i u uh u Li <■,;■.■ him /jc/m ./ ( </ ' D ' />7/r /i <?, 



selectin-double-defic ien: mice. The neutrophils in 
the wild-type mice wore observed spreading into the 
clot/eschar (Figure ;'C). whereas in the P/E-mutant 
mice they were present in a thm band below the 
eschar (Figure 3D). There weis no difference in ne^- 
trophil infiltration in t f, e mice detic ent for either mo : - 
ecule alone compared with wild-type mice 

Macrophage Recruitment 

As macrophages are known \o play an important role 
in wound healing, they were quantitated microscop- 
ically after mac ropoage-speciftc immunohistochem-- 
ical staining in f he day 3 and day 7 wound sections 
Macrophage numbers ir the wound tissues of eitner 
the P-selectm or E-s^-lect-n-deficient mice were sim- 
ilar ;o tnose in wild-tyoo animas However, in m ce 
efficient for both P- an:i ( -so e- t ^ there was a 
threefold reduction o f macrophage infiltration in me 
wounds at 3 days as well as 7 days after mj..^y 
compared with wild-*ype mice (Table 1). 

Granulation Tissue 

We measured the ama occupied by the granulate n 
tr-sue in sections using ^n image analyzer There 
was no significant dffererce n the granulation area 
ir day 3 and day 7 wounas in any cf the mutant m ce 
compared with their wild-type counterparts (Table 2). 



Macroscopic Examination of the Wounds 

The wounds were also examined grossly up *o 7 
day-; after wounding to assess healing defects 
There was no defect n heal ng on macroscopic ex- 
am 'v-fion or in wourd area determined from tracings 
of the wojnds in ;he P-seloctr- or E-selectin-def - 
cicr mice. However. wounc healing appeared to be 
reputed n the P/E-selectin-dcuole-deficient mice at 
3 days as the wound size a as bsrger (Figure 4A) 

Keratmocyte Migration 

On , -animation of 'he tissue sections we observed 
tha* keratinocytes wens migratirg under the eschar 
nolo/, the dense infiltmrc of ~eir r ophils To evaluate 
:he burrowing of the ep the i al gap. tne distance be 
*we»: r the m-gra*ng edges of kera T inoc ytes was 
meas ured mic rosocoical y at ?■ and 7 aays afte " 
wounding. The r e was no signif cant difference in the 
eoitf elial gap in wounds of enher tne P-selectn- 
defn ient or the E-se : ectin-defn: lent mice compareo 
with v,"ld-tyoe <r ce (Figure 4B) In -nice that were 
defiuont ro- both P- and E-selectins. the gap was 
significan'ly wider compa r ed v\rn the wild-'ype mice 
a* .3 day:- indicating a defect n rr-igratior of th*:- 
epithel-al cells n the mutarit rn ce (Figure 4B). How- 
ever oy " days, the epithelial cells n P/'E-selec tir- 
doubie-deficient mic*:! had advanced similarly tc 
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Wild-type P/E-selectin-deficient 





Figure 3. //wA^r \<x ti<>>r: <>[ I <md i-day ,routnh A: 1)1 I Id I stained mv//'"//.s f /o/.v nciitn phi/ in/'ilfak' ' arrow > vc ->t in trn- eh>i r\< hur mi 
!<>j> <>! the trouihl in ii-ild /i/v inn e / tidy tiflvr iimtmis uere nutde B: //'<■ /' J m7<v d<-id)/e de/a. lent nth r //it-' /' i^ur^ the > n-m 'n ,/ ->hil nif'iltr-th-y 
in I Jcii ir<>nml>. C: . 1/ >' ti.-tv* n/'cr u < 'it >nim> in tin u i/J type in.\i: the uentr< >f>hil> m-iv ^ceu \t 'redding :n the < /<>.' e-^ 'nan D: . I /cw [>r< -nnuent h^ud 
<>f neutrophil* tra^ uo/r nh^-ni-d <n the /' I double t (efii ien< nine Inir iua^m 



those in the wild-type mce. and the epithelial gaps 
were the same size. The P/E-selectin double-defi- 
cient mice have previous y been shown to be sus- 
ceptible to skin infections/ 4 1 '' To confirm that the 
delay in epithelial migration was not due to infec- 
tions, wounds were made in mice prophylacticaliy 
treated with antibiotic regimens known to orevent 
s po n ta n eous skin infontionr, in thesis mice. The delay 
in keratmocyte migration at 3 days persisted in the 



antibiotic-treated double-deficient mice (P/E + 
1.65 mm, n - 5: P/E -/- 3 -15 mm, o - 1 1 ; P < 
0.01). 

Discussion 

Previously, many laboratories including our own 

have demonstrated an important role for endothelial 



Table 1. IA/itm/j/wu'C A'<v n,d»ic)d in skin \\>>m/t/\ 

P Se or* n f ----r 1 r p.'F-s^i^ctm 

P ./. > p / P 





L-se:oc 




33 - 4 


25 * 


b 


m 7) 


(r 


6) 


27 ' ::j 
( n 8 ) 


30 " 
(r. 


b 
6) 



3 c^y 30 • 12 23 -6 0 8 33 -4 25 • b 0 2 32 - 4' <2 * 2' 0 000-1 

fn 4) m 6) m 7) fr 6) (n ■■■■ 14) (n 1 1 ) 

7 u. : , 27 - 9 34 • 6 0 4 27 - b 30 - b 0 7 18 .• 3" 0 • 1 0 0002 

(n 6) lr 6) m 8) (r. 6) m - 13) (n 12) 



1706 Subramaniam et al 

ee m, . \ ; m ■ \ 



Table 2 



se ectms m 'eukocyte homeostasis and emigration of 
iou-.ocyes to '.issues unoer inflammatory ccrdi- 
tcns. ' '' ' It s appa r ent f'om severa: studies 
tha; adhesion mclecu es affect wound repair. hoo- 
Cy*e rec ruitmem as well as woimd neanng is dofec- 
1 ye n patients who lack /32 inte-;jrins." ' kregrm are 
amo involved -n tie migration and adhesion of rera- 
tirc cytes, where the members ■:>*' the ime:)rm family' 
a r e increased arnd redistr-buteo to the advarc^g 
epidermal edge." Uc-regulation cf E-se-ecan has 
beeri observed in the capillaries in chronic ulcers of 
ye^ous insufficiency athocgo its sigmfic ar ce n; not 
c ear. ;1 However to our knowleage no stud es nave 
evaluated the role of select. ns iri wound healing. 

We studieo the role :-f ^-selectin and E selecfn in 
wounc nealing by using mice deficient m eacn of 
these selectins and in mice de'icient in bc=th selec- 
ting. In our study, the ^/E-seleckn-double-defic ient 



A. A km of open v. tunui 

P-st kctin K-seleitm I'/I -select m 




li, HpMh.Mkt' ( i;ip 



I'-stk'Ltin ICsdettin IVK- select in 




' il:i> ~" ±\\ ■ il u ~~ d r. 5 d\\\ il;t. 

■ null. till 



Figure 4. U - .;n;< I > h ^ur, ■ A: ■ i -.■>/: a, , nUi; !<hVi-r< ,/., •>,- /..,/(</,/ w an- 

; iiih-i ■< •.whim:-. ■ >: ///■■/ S" 7'- ' <><>]■ //';■</;//- -n -m < 
>i' ■ ■■'/:,« -r -/-(■/■■■'. ■<{ ~ , L i , v < (';;/:.■ V ■ , h 7, / . •■, - -:t >h. / ■: A ■ .:<> \ 

:<<^ .o, r r (: ; /< M ;1 , .., / „ .,, ; ; r : \. ;, '// , B: //O'S 

.';<</ :.■<//' Hirudin;/ ))/;, r. ( ill \ ;>/ /A 7 -',/,■).•■,■,/ , / A- ■ 



mo ; f c shc.ved rr-iucen recruitment " f ■ outr-.-phil" ard 
ma: r c p'- ages *\r ;veral redijctir.r ■ ■! ne^rophis in 
wouoa c - •: * ■■ stud ec up h ■■ da\s .■t'to r W'lur oirg 
was er .i. !*i a^iiton o- ■ .iv.-- 1 ^"sr^rment ard 
ronusec; nyop-m / v -ff: a-si t3 ed .r *ne clo*: 
oe- I y 1 a'xi ? day. aft-" wo ,ndr- ; I aroe r ,.n a'S, 
of . jtf :f .-r' ■. /.ere : 're- .» •> tliroua*' 'j Jt *he Clot'es- 

L"-t' C ; CM - " (. ct.e.'S-:- "i- P E ■ dOU t ■ 10 ■ dC- 

t'CO' i f >- i .touts oisohriW:'i:i a. tu n Pa* a of t it.'Ut*''jf.d' i Is 
It s • ■ ie;v t- ■ v ei e- f.e ditso.o^re ir r eatro-- 
pr d'Str t-)u*hjn i" :he clot'C'-.cl' a' ■ Mv;- "\c. r is 
du-; to -in Ov''.-ra'l a oui ti:/i ;nnd i de ay s^f vie r 
apf>v. i'ans- sf vvht.dher '"•n: m-r : •> -n* " euvco'" ils 
: f^i :r c c ijt-prov -~-iO\ ia "atn was 3 ' <n .-:if'e< tea n th»;t 
-VE-.;i: :or- --rr u'ant n i ce. P^- >. : "--:-eeo'n as o 
t'ijgriri--. e^pies'--*-o = :=r'i oiate-ets nro td.^te'et oart c e 
deps.: it':-::: r" ■: Atpno, tsna. modi- r r.y : ■■{> . v d- • 
j ^:_.'ti«> *■:■' n ng'a'h a n :i n:-: - i J rr,..-'it : k' ao- 
dh on ir.-ic rc'pnstge 'ec r i.j i tr^ _ *et _ 1 w.is , :k, > s gnifi- 
■:a- ti v in ;.'.;nrci: r mo -''E -d< e-i;:etn: i;^-' mn: e 
*o ~t day^- af*et w «ou nciiri'd No rm-jjor ci» a e- : ts- r ksj^j 
Sy*C ' 1 ■ 1 .0 ; > 1 1 ' ' 1 e * t ;\en;- OXy- WOO ! f mS 'rh>- de1i<_- OT 
nj- p ■ e^.-' :t ir - O' E- ,: -e es tin a'- me. e • ■: oo* tc- =in - nrl f 

SIGN'S 10- ir *"C JtrOOhll f 0'] ''UilT^^n' ir f ^-seles an-- 

'lie' Cii'-f no : h 1 -'e :: '-sc »"•■: nn-oef c - :* m" e, n f ast 
mac f l r esise 1 .":! ret: luitmerd 1 oav a*ier wfjundit'i;; 

s f as ::!::■■: '"'tosc: ' . • • i • ;-i n-: -r i r : .inrn r< :r; 

model et . g .^olat-- Hem i pen*, .r it - ,Vf -r..- 
I m:* -'C •"■ :r t r n i: e a id r ;a ,: -» rv.;- j; r ci;;a n an 
i;yo.3|i' i'i tn-: Oentr,nenl :aot ; .c .f4 h : .; ( p 
i j tr57; One ♦ ■ • plana^on for tins « o jid a 'I'-tM,;* 
m In-: ^' ra.f' • roeel ^n ci y'e.a :pr ■; s>ri-; e me , 
an;- < too tr-.su> ••, 

k :ioL--ar- : :h it *i"'"- :Kc e r ce :.: ; e"--r o* ;: '-seh.-:: nr 
f m;oio:: tir- .-A- - le -:ioes no! ha^e a "■ ■* ar j'e- e iV e- * ■:>' 
re .t r op!"i I recr Jtn>a" r;.-y- :r a tne f ■'■-■! "-our c • t i ma 
•'eo/OA -um:1 oa r Fhe mvom pr- "gee: d-feo ' ■ 
n r ,ri' * { i::=b - -ervea iri tne ci -nbn;- :.:enc er-i r-mn; 
mn t h i e: r ■ :yy a a* l - o: ; • : .cmi Eacho**' 

wck ( i a perati.ely U : r uit ie jI- -.m ,-te : . Mi;o v'm 1 ' 
fur mnhnned desmer ^ m\e ; rey ously t-c-?" 
she v*m t" presLn f i mu:" menj £■ m- r 'i i:mno:vo: 
c o m p a r eO w 1 1 h s i n g I > d e-hcieot m i .: e -J e m u n s t r a 1 1 n g 
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leukocytosis,' 1 " Uf-e a!o| .: > m . ; altera! inns, ' ; arid 
oopcr'ur -isti'"- c -r a in*-- .oor-s. ' ; 

A:*houoh "ho '"nin detect m the «'i"iut:--e-ae?icpern 
m-ce A3 . tho reOu^ edeosjitmem o* ; eutm f >hii mesa 1 
nsao >h.ig- s to- 't e ve-jods.. a r • !■:--« :» ■ T-t not .gnif- 
r in* del 'ry "i e-"jr ■/ migmt on of -:»i-r .it sos y t-:-" ■ vsas 
a sc.: i:i!;;c.''- r v'.-c. A p r o. inaa r ra . i * r i ■ = omoes'-a of 
* bnm 4 ih-- «r.ec 4 • . aso -!'ia p a--. i -n -vm : - is a 

p'0°"i : iO' * 0'~'T F.".'' iOt it ; ■! no WOU' id t.-.'d t'' is ti' r e. 
T'-.LS. it -■ OCOsipIo Via' reduced pC'tOO vtn d> Ol<; 
d-fit or' ami nraaoooyv. v .is i.-f ta-s nr. slop - : l mam-: 
ray mtaro ''"-O '"ts\vn'i» r i' a* keoemo' /O--- 'km : US:' 
;he tyov -.I'jrsa rridlf i ■ . ' Ma ,v .ed OcC reasm. o k- o 
bO£T"i 00' .ervOd ti epithelial fliiQr.itu in <:r ijrvj 

sHn W'.'i.,r i. is at olaa-cm < 'CHn-oe'i' -ei * race. In osi 

a'vna.s ' -ini^S': tha* sue m ■> -v-ck .an- 

dograaa'i'-n ot 'itmaal : aii ; -. oeie sot memo- =.jr -:j v.- 
unrjer the 0S1 h-ir h 0' . itu ioC yte' ■ m M >o WOCO • ave- 
Oeen thought t'j e - pm-- s regulators • ■* Olase ri(>gen 
actvatoc a- :W-v-r rrs.i'T,' 00 I Ope- ■■-...]« r 'i .'J:-- neo- 

TrOpriE- Si.r CO' • :■ "tr.OJ 0 -'JOt ! O ■ 1 COIL I'-'"' "SS ■ 

D-y shaft' \ji\tiOr\ Tlssse r ' ■ . i v :ieO S-'Oem 

plasminogen a< *ivatom and omor t >i ■ ■: »■ y l en- 
synaes [."in ividirii ; a oem e ula' ouv n-r mem to* oeg- 
m-idation : * 1 1 > ' if am;: - * 1 1 r e>aa> eMi,i.-ir ''main- mo- 
rn rs 1 T- it- ope. t f br r • :>r :-. area!- dmva 

prOOU 1 '. ts t Cn, Id . -1 1 -0 1 i ho .ndire-ct. r - . I ■ -J * i r n"^ k t-or . : ' i '"ifi: - 
<:ytO nn'.ir.ilj. .a -.v - ■ <\\ ar ' r a j t r i - ;S r 'jS.?ir ;. AdO t;'<' all> 
'"i'i 3 'I f Op 1 ' agOS ''lav . \t- a pla - : n -t i- r -rU\-\\ or r 

'"notacnj o : .'t :'.' IO-.-'>.'s >-■ l'"irr« jgh :v aig >: y'tosi - a ad 
dogra':iaii'".in of I bra r r-Vr 1 ' -if.s it'i f.\v sb.dv '0- 
dococi r »s. r,, tmont ■ ^ mt .-a rrirnassry ts.ds iri.- ; y a«:- 
: o'jnt f c. r m v.- coiayoa f (r-M 'jra !.=* t* • * i-tr r ait-:.: ytos 
ov 'OSir^.i ■ q s'ais- aoa^a : -a t< o.=r _ i la * .. s ■ _ * Or ro: -iii:'i':-- 
yte r ir.if .it <:a toeitr. 1* • o- ilo- 4 o»:- ij;. !• s is.^uf' >[)h I 
band tht-sf. 1 1 1 O'.j* ' 1 'f i h 1 1 ■■. jpooar t(. [ :a r a ■ ;< 0""i 
h'ss. tio'"- *o t. 'ih.aii' f ::- "'air ■ cocrada* ■ -s !bi--rei'v a - 
i'j.virsij |-om*i vt'-s • i t '^► ■i-- . j ; ■ •■r-.i' it 4r i*; 
v.:.XJ r 'ta r ■ i . 1 1 r •, It :-. ■) I •••• • ;>"-,sblo n a* 'j*ov-t" f i- tors 

m;i r .; V ' 0 U , r -.r : • . -. i. S J h- :ta- : , : 1r ■■;:-■.!-: I ;)• ., j 
a'' l"p' ■. igi •<■; cay -VS-:;' '.'pd^ctai * r IO' 'a' IO' 

f so ah ps tr a '-<>- ' :* an ,S --ahi ■;. I , ; a. i r ;-ai a a: - 
.; : 'L/T ti ]f 'h- On 1 :a o m. -o ■, ■ ■ :.-to, ! • .i;ri- \ 
•dot'jrt"; tw i lay 7 Mof.-ovor .j ; ^ •< • .it : o . , • a . 1 1 : ia 
t ./'h';* i.: r ' .vit'i '/"-or \s i ^ ,_ i a- - os-o ai > v 'as, 
" c n roan ito : • • ; r t-jon a'di.a* : • j a 

s\ur-;o C-' g'-.'V.':n ' -i-l . S" av ■ ■■f ; .o^ •■ =- taa 

dofO'O W'.- ' a,o oto-oeo y . ■ii-e-^a-.o • tsa 
s.:o ijt fa' as^uat^a tnsjo tS:.'a-v^.T a:, not 

c.v ,vho:so— 0 r ( - ; -iji.ri.. . 1 p/.v 1 i., r , ••_ r .. . j . , :;ua | 
c- r- in .n> ■■ t: oc ''.;l/^o-J 

As 'no • :.• ,o o-s -si ».-• • a ■:>• r- •. >/i. : t o sa 
irifestion^. ' .ve wex-- r^or^s lad *=, r.row w t-thor 
tPe abnormd' epithelial :l a r a reiated *.j a. ■_ u ra d 



infections. The P/E- select in-d cable ■..leficKait rTiioe 
givon antibiotics stico'»a:i the saraae oelao in wound 
ciosure ar-- was st^en * f~/'E-dL)ubi6-oofiCiOfai cont'Cjl 
ince, :noioat rig ttiat tsc or-fe*::t was 'S'Jefjeadc-at of 
ar / infection T ne m-.r >.«aj| / impanel roc rui :r no r it iaf 
inflammatory colli; in ""0 shin of thf.se r'nice - re- 
sponse 'o r\u r / rna; a- rospo^-siL-l''- fes tho ciovo : - 
oprnent e 4 .aDontaraer ..o <: hnanic: skis n'eotions loan- 
ing to >: r a in c n-fmne-iiiing ulcerative do 1 matins that is 
rerniai:;.ca- a of the leukocyte adhesion dcfcioncy 
*ype- I paiierts The P, E selectrv oc-, jh e-oefic io'O 
m ce may o r ovo asefu' *e • * s j < j y tae -ole taf selectirs 
in the^ de*erse against invasion lay vanous patho- 
gens. 

Acknowledgments 

Wo thiar k Molly UHma*"i-00.Here fo* niouse hus- 
band r y. Cans Simo 'c fustoogv sc-ctiC'Ss. ard 
Gait' n M=ayna ed t-:- a I rommerOs 



References 

1 OetS -:-'u ;: S IV(.E \-'-r '.< v ;.Us Jac i^ae.: ^0'. 
harto Df 1 .-\ [. iC-vi-a o a'ai .)!• a'ar.^ari-j p*< tora 

a- a. • , atnn J Cc I la a 1 3c 6. 8-0 -a 

2 {■'■/■■■ :■ C: O-'oc-^l. 0;-:-a:: el Oral- e JE F-..se EC. >s- 
ia;r;] r.'lhl -:.ne h; - :■ e-aie' a-gr ;ru - r'eshrars. :y_- 
•o n Ma: s aeaaeias a aaf - tro nOisrs.i ne-'-ihrane • 
. : ( ' v ai ■. ' chnrac'er aaa ar c S'.t'O I ular IceaalmOios 
■ :f plate ai.ava: a" ■ t escient grar , ea /Seasil '"r"e Kr ■ 
a & -v ; vaoer- J 0 - - . : ! 1980 7:. ' tr-O 1 0 7 

3. -ear FO Fune Oc -a- e 0, 0; a a^a a:> OMaCiO'^ 
a^MP-siQ) i :~. a : • - a: • i. (/ We bel-Palac^e hacs^s of 
'airnsn ^namhe is -o h Eloaa 1 1 o.oa 73; • 109 1^0 

4 \1sK\e' RF Oca-— ;s JH. Ploce -L. m ir I--': a- 
;an L . lOi mo-" E - 0.V 1:: o:f'i a aofs!^' n-qr-mu e ■"' e rr ■ 
:aa->: asateri is :; a thea it ai h; .• a : . s i : a -.•• •0 • 

J Con '-vest '930 -i 30 
a //c k r ; v 1st ira.as r '■; . a'asSveOc' ' okavag tf tlie 
■■i-:.,j: e •: ■■'del* o ia :>-aa. trs -/nsaa. /oaf OaUi I! - ar. i 
-solet t a is r das a ■: t jr 1 ..-.ir no ; is factor a JEol 
'Oi(;r'"] ' J92. !'6 /' ' a * 'o ' a 1 8^' 

6 Oea'HC asa r.1P Oaoo' j; Men aa> DL. Cct r aa Ri> 
a r ar' rf -"-q h'a scaa- ■ saO) r! a f a' 1 ai:jc be e r_, a' tn e \- 
a-!r: jK ; :.y:e acinc:/ r- no iooj e : rr : Nat ! Asa j Scs 
Jo A 1 00. 8J 9;0:. c P-Oa 

7 Oa r 'r. s "^M 1 c-.- jr * Lei >ocytc s/o : at^ie 1 sal adhesion 

em. es E oso is;c. 8s ; 068 :0 ■ 1 

8 UseOe' RP r.'os'e-- . CO.— 00 0 / Laa _ooc oe * r -r 
oa-ng 'aoaoaea t. y - eco^eaOjO'" y a r a:e r ^e r acSs)r s 
J Bo s;nen 1996 ;'."'u t U.)se 1 1088 

Q Sm r Ot r TO. T-a" c Siq^a -a a'" c^-dot^e' if r a v s' 



1708 Subramamam et al 



K i ' ■ i • L 



■,■ * 1 *• ~ : : or-: 
'2 j y ' ' so' ~ Ri Ma t aaas TR Fa- ..-::e RR V- : RE 
Xit:ra" a'"!^'v M PacasceA m>oos RO 7Aig , e r "FD 
■rlooci cell ' M .-.r . n P-ae'ectin-dc f' :ae n t n;;ce Plead 
1 : )9n 56 1 ' )6 1 1 M 

13. :.t)ra" af'i ; r M SafV'EOa'S Wats on SR Maya ^as 
FN Hyp" RG Wag-^r jD Rca. u ;od c scathes- cy 
f flaro^ a' *. colis ni a cofitac;* E y oorsersilivitv *'e- 
aao-se -^e^c' 'odoP; e^t -aae JFo Moo *995 

14. <•••,. P -. Mayaoaa"^\! RaybunH-f Hynos RO. \\ ag- 
'" •:T DE3: ' t -.\. oao'iEa it : 'o 'dectior an i alteaed hen.n.o- 
:::oios .s r " co cef i :ior t if t>oth P- an .1 R-soectms Pe:l 
' 3*96 '54 .' »■ ; a 74 

15. -ulaci ••, -Poke E J. Hloo H. Hio>;s Ml. Lcera; I. 
: -/in 5<;er$rhuK CM I cy P Beaudet AL: • a-o- 
* x,s sos : vc* bihP' ana s> • cleric i--?ncy of 'Oakce/te 
• ' > 1 1 r ■ ( ; } a": -ecri. toaont n F-seiect^ an ;1 : ^-sel'L- : tn 
aaaoie - / ait mise. J - -a. Meo '99D 18: 353 9 :ia, 

16. iv. r > ;i i • • Mi:'-, Sunn^a" Ncotrof hils -elf on P se- 
•: car J ■■ jricl 199:. 13 1 6338 6746 

17. _.abao r.V- Poro-- ( P; PaTOeoger JM. L onaoa' :: -Gi - 
:oiy '49 ,rer 3 J. P.,t; ba r c J. Berko R Baaac- ^ A 

Tcry R'/v -Pi'bisori Ml. Pintgen F. itewari CP Moin- 
\re Pv7 vV- 1 3 C. Bijts PP. WoNtsE-> E C haaactr' aa- 
' : r cf E: ■■ .'■ - at n-doa eon* an :e de^ rats it cn of a , . , -3 r - 

::0 0 '~*g */ ;'.r>ri uf cac:othclia : se ecfe a; Imm.r'ty 

- 99- 1 7 20 

18. alark E3A4 Ba:a:.a; o* cutaacous woand repair. J Per- 
a a*; • Sir '9a:;o '9^3 '9 £93 706 

19. 7 lark R^ t: .7cund n^ air ovcrviovv ind ge r co3- :on- 

d. -a* v • Tne \1clc-jjar and C a.-laa la' Ekj^oc^ of 
y/ojnd Fv;-i. ; c Edited :;.y R'Af 1 Clark. I Jew '-'ork. PI.--*- urn 

i- -c- . 1 c h [30 :; 3( 1 

7C L/ataa;!;.:' ■ I Rao R >(aj c of t"-3 n^a rc p^a; ; r 
■/.Ourc r- i : ■' a :au'j\ ,M'h nydroc : r tiS0" and a r, t- 
a a t sca,ai. Aai J Pathol 1<)'5. 7o.7 1 91 

71. faavd:.0' .71 Wo..*u: F-fef air kifLja^a atio'i Basic F' f% 
■: p es a- :: ■ :i r, ic.:l Ccrre ates bd'tc : by J Ga.i'-. M 
Roiostcr R S'" 1 . der^'a" Ne.\ Yc-<. Ra^eri ^'--ess 
1 ^93. Of.: -v a gv9 

72 Prenca" -( :■ - ■; tant C. '7ar' Caa Wate- L. Cvoca^ HF. 
Hy~C5 R \ a .■: • c •• . • a F e r> "o r yO' ; dC'O" a7 

n3 J Co- B a 1959 1 J9.903 914 

73 f^O'/ci LE 3'UOr: 0 L ^vig n c L. Logan R. CvooiF- HF 
7a r Do 7. a + e r i \ 1iC f ' p'agos a r a *' o r ao a ; . t; -, f.-T r esa 

■-g A-- Pa^-o -993 - 3 793 o3' 
34 Cro f+ CE Tar.r- D Uifa^ruo7..aa: st-jcfes .vouoi 



l' a t 1 972 3 1 3!9a9 337'" 

R-.VC- P F4 l-'- LJ S "oi: 71 F J-^.-.jtrs RL 

'7/a-carc jq T'7 G^aa r> aa- AI' S'^-arer ;VT Sprr ; ge' IA 
r r, o severe a M d 'TioderaT.' p^aj'iotypes uf ^oritablo 
Mac-1 LFA-1 c:e'.ce-cy V^..- ' ci.a-7 -77 -.e ae f ^ : 0^ 
o c - v icj ■ovocyte ivs'c'icao^ and c o:a *oa- 
' aos 3 l-'-cl D s ^985 V:3 068 687 
78. Hunu.' DA. Ojord-.!'i S fTlof onsok^ar ^a ( K.jocyts ; Svsaa^' 

■ ; ^■o-.a;e c:c;7r^o ( .i by -"' ''M.r o h a •oc^u^naca-; :: ra - 
aaaor-| c. f a--* gen F4 30 :( :era;f icaaor ■ r.t rcscje r O n-ac- 
c)f) t aigcs a rcra: '"'"eaiJ a-y anci cad'Cai ir ■*e r : t 'la" 1 ■ 
aid juxta*.: amerular com: > ox J txc Moo 1983 157: 
'704 170:' 

:9. l r os^ MA E: ^'C - PA. Ken or T VV M\'-3ooero/ir] 1 asc as 
:■ D'O'Tiar- of s^n r r t.ri(ai and nfianrnatco --cJ 
v E en Ta> c 1994. 37 143 17/ 

3 0. laaiada E* M. Gah* a 1 ht-sjrns in \\ aaad r co \\ . Too 
Molccu' ( :r a^d Ool u a r Bi )ogy of Vo-nad Rec^io Eo- 
•od oy R^ - Ciark. t3cw Y )ak. P eroy- i^ess. 1 )96 pp 

; 1 1 77,>- 

3P /eraart Ja3 r 1 Vcdiacgh MB J M. EJ.m'- ••• HAM Puis 

• la-as R- : ^c AoaKls JVA edties o^ ""j-eculc ■:>ta"oa- 
: on m vt;'s;js '(;g uRers. Vasa 199: 222 ■ 3 318 

O-O. -asabrica 1. Lot:b P. -or.t BC. Aron'/Vit/ M. FBerj.aann 
: 7. Hsu P 8 aer SA r une B E ouco: Ac accun luLation 
;:romot;rg Harm rieoos-tior 3 rnediat£-.i in vivo E y ~ -so- 
ectm o r i a;rerent p : atee3 Naaarc 19 '7. 359:843 -851 

33.. aiacovo ':3. F : -o:n 3J. Buocoia JE7. Ba.rU :r BP. 
Rpringer 'A: Nc -j*roq:fo| reding. ar r es' and (ran a''agra- 

* on acro;a aatcatecj su"ace-adta;f eat plate cs via 
eguent a =:;ton o f P-sek (d'n a^d /i -mtcgnr 84v* 1b' 
3D 18 I: c ^Co. 8h 140 157 

:-R. '■■heik.Ei S. E4asM GB oontiajous actio rion and dei-.coi- 
. atior. o* ■ *egMi (7CP 1b. ; CE)18 diaar^; de novo e>pros- 
o*" 1 o r 'iari-:s rohr g "o^fctih is to ■a-'''i()bi'i/o a-- oiao: 
-.-tb. BIodo 1936. 87 e 340 3(3:)0 

:5. -'-omer^. (■■.J.jgo TH. Py'kc'3. I. anc I...E3 F9ick M3 F-egen 
..1. Da f io < l'T-pai r c;c: wo-.. ri o EasaP' ) \v 'occ \a*h a 
I'soaatoa [ as ,v > rogan aono Na*jrc Moo 1 3+96. 
: 2b7 29! 

:6. nk(:less . C. Gordon S. R-ach F. Secetion ot 1 as r '- in 

■ .gen aca, atur ti-y stimjiateo niacroc I' ages J Fxca Med 
'934 1 39 854 833 

37 .;ia„i j; -.Vo' ao'oA E3- ' 0 U'O- ' ase cata y /e:i 
o.as" inooo' ac* ^at.cn at *' 0 'toro: yto- 'naorf^f aago- 
col sadace a S)(OiVeo a'd r o(y, at-: 1 co'eo y3o Sys- 
•0" C.. r ' r a; LI area 13*3'7 ^ 1 67 86 

oakooytes J Fa) Med '977 146 1695 '706 



Selectins and Wound Repair 1709 

Mi' \ht\ />>'>-. I - </ /v/ \<> ^ 



Heiple JM OsOj/mh I khznari \\t.\iU<j\ Jh;i p asn : -t ; 

gen activator is localized in specific granules and is 
■ r anslocatod to U s- cell surface by cm joytosis J c/p 
Med 1986. 164 8^6 840 

K • i • • e* MD. Schaofor B Romahz J Plasminogen act' 
vation by human keratinocytes. molecular pathways 
and ceM biologcal consequences Biol Cnem t99h 
376 131 141 



4 1 S mofUl f zra'ty AM f- rans s SA Rennke H I osealzo 
J F it jnn(ogm i ) is internalized and degraded by acti- 
vates human i r , ;f KA/y^.d cols v;i Mac 1 f CD lib/ 
(.4918) a noMplasmm fibrinolytic; pathway Blood 1993. 
82 2414 2422 

42 McKay IA. Leigh IM. Epidermal cytokines and their 
roles m- cutaneous vVouncJ hea ; mg Br J Dermatol 1991. 
124 513 518 



EXHIBIT 
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Abstract 

P-selectin is expressed on activated endothelium and plate- 
lets where it can bind monocytes, neutrophils, stimulated T 
cells, and platelets. Because recruitment of these cells is crit- 
ical for atherosclerotic lesion development, we examined 
whether P-selectin might play a role in atherosclerosis. We 
intercrossed P-selectin-deficient mice with mice lacking the 
low density lipoprotein receptor (LDLR) because these mice 
readily develop atherosclerotic lesions on diets rich in satu- 
rated fat and cholesterol. The atherogenic diet stimulated 
leukocyte rolling in the mesenteric venules of LDLR-defi- 
cient mice, and the increase in adhesiveness of the vessels 
was P-selectin-dependent. Most likely due to the reduced 
leukocyte interaction with the vessel wall, P-selectin-defl- 
cient mice on diet for 8-20 wk formed significantly smaller 
fatty streaks in the cusp region of the aortae than did P-selec- 
tin-positive mice. This difference was more prominent in 
males. At 37 wk on diet, the lesions in the LDLR-deflcient 
animals progressed to the fibrous plaque stage and were dis- 
tributed throughout the entire aorta; their size or distribu- 
tion was no longer dependent on P-selectin. Our results 
show that P-selectin-mediated adhesion is an important 
factor in the development of early atherosclerotic lesions, 
and that adhesion molecules such as P-selectin are involved 
in the complex process of atherosclerosis. (J. Clin. Invest. 
1997. 99:1037-1043.) Key words: cell adhesion • hypercholes- 
terolemia • animal model for atherosclerosis • macrophage • 
endothelium 

Introduction 

An early event in atherosclerosis is the attachment of circulat- 
ing monocytes to injured or otherwise stimulated endothelium 
(1-3). This step mav involve complementary adhesion mole- 
cules on the endothelium and the monocytes. The monocytes 
then migrate across the endothelium and ingest lipids, thus be- 
coming foam cells in lattv streaks. Platelets interaetimi with 



Dr. R. Johnson's present address is Schering-Plough Research Insti- 
tute. Lafayette. N.I 07S4S. 

Address correspondence to Denisa D. Wagner. Ph.D.. Center for 
Blood Research. Harvard Medical School. SOU Huntington Avenue. 
Boston. MA 02115. Phone: n!7-27So344: F AX: 61 7-27N-336N. 

Received for publication 6 September /W6 and accepted in revised 
form 13 December W>. 

.1. Clin. ln\est. 

< The American SocieU for Clinical Investigation. Inc. 

<>02L l >73N ( )7 03 1037 (P $2.(>n 

Volume W. Number 5. March l l > l P. 1 03"- 1043 



the transmigrating monocytes contribute additional choles- 
terol and growth factors to the lesion (2. 4). An adhesion re- 
ceptor that can mediate both the binding of monocytes to in- 
jured endothelium and of activated platelets to monocytes is 
P-se lectin. 

P-selectin is a member of the selectin family of adhesion re- 
ceptors that mediates interaction among vascular cells through 
a COOH-type lectin domain located at the NIL terminus of 
the molecule. The lectin domain is followed by an LGL-like 
domain, several repeats shared with the complement binding 
proteins, a transmembrane domain, and finally a short cyto- 
plasmic tail (5. b). P-selectin is stored in Weibel-Palade bodies 
of endothelial cells (7. 8) and alpha-granules of platelets (9. 
10). Upon stimulation by agonists, many of which are gener- 
ated by injury (11). P-selectin is rapidly exocytosed to the cell 
surface where it can bind monocytes, neutrophils, platelets, 
and lvmphocytes (5. 12). In addition, the synthesis of P-selectin 
is upregulated upon stimulation by various cytokines (13. 14). 
P-selectin is required for efficient recruitment of neutrophils in 
acute inflammation ( 15). of macrophages in later stages of the 
inflammatory response ( 16). and of CD4 T cells in contact hy- 
persensitivity response (17). P-selectin. therefore, functions in 
both acute and chronic processes and could play a role in the 
development of v ascular lesions in atherosclerosis. 

The mouse subjected to a high-fat diet has become an ac- 
cepted animal model to study factors involved in the develop- 
ment of atherosclerosis (18). To address the possible role of 
P-selectin in the formation of atherosclerotic lesions, we have 
taken advantage of two genetically altered murine lines gener- 
ated bv homologous recombination in embryonic stem cells. 
The first line lacks P-selectin (15). In these mice, leukocytes 
and platelets no longer roll on the endothelium of stimulated 
blood vessels, indicating that the initial adhesion contact of 
these cells is disrupted (15. 19. 20). The second line repre- 
sents an animal model of the human disease, homozygous fa- 
milial hypercholesterolemia. These mice lack the low density 
lipoprotein-receptor (L1JLK) 1 (2ij and devciop pioiiimciii 
atherosclerotic lesions when fed a high-fat diet (22). We have 
intercrossed the P-selectin deficient mice with the LDLR- 
deficient line, thus developing an animal model highly suscep- 
tible to atherosclerosis in which the proposed role of P-selectin 
in lesion development could be tested. 

Methods 

Mne. P-selectin --deficient (P-selectin ) mice were descendants ot 12 
intercrosses between the C57BL b and 1 2^S\ strains (15). P-selectin 
mice from l his background were intercrossed with LDI R -deficient 



1. Abbrevituion used in this paper: LDLR. low densitv lipoprotein re- 
ceptor. 
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il Dl K > mice. aNo trom a ( '5~HI. mJ and \2 K >S\ hybrid back- 
ground (21 i. 1 ltlci mates from the 12 generation ot this inteicross 
were genotvped h\ Southern blotting and used to establish LDLR 
P-sclcctin mating^ and 1 .1)1 R V -sclcctm mating. I he prot- 
ein ot these matins were u^cd in our study. Miee were maintained on 
1 2-h dark and 1 2-h light cycles and giv en tood and w ater ad libitum. 

Diet. 0/1 A normal chow diet ol Agway Prolah.^KM) trom Atiw ;i\ 
I IK. I Syracuse NY) that contained 5.0"., |v\t wt) tat was ted to chow 
control mice in all experiments. ( h ) A conimei ciullv available 1.23".. 
cholesterol diet. dairy butter diet tor mice trom 1CN Biomedicals 
(Aurora. OH) hascd on the diet described in (23) containing P.N4'\, 
(vvlwt) butler. O.WX 1 ',, I \u u t) corn oil. and II.4S".. (wt \ui sodium 
chokite was ted to o -S-w k old LDLR P-sclectin or mice for 
varying lengths of time as described below. 

C holesterol tlctcrrnintition. Blood was obtained trom the retro- 
orbital venous plexus of nonfasled miee. Cholesterol concentrations 
(24) in total plasma and lipoprotein tractions were measured using an 
en/ymalic microtiter assay with the A-Cient Cholesterol Reagent 
from Abbott Laboratories Diagnostic Division (Chicago. IL). The 
Matrix Plus Cholesterol reference kit from Verichem Laboratories 
(Providence. RI) was used for standards, and Lipid Conlrol-N and -L 
from Sigma Diagnostics (St. Louis. MO) for intcrassav standardiza- 
tion. 

I v rt^l\ecride determination. Triglyceride concentrations were de- 
termined using a microtiter enzymatic assav and the Triglyceride 
(INT 10) Reagent from Sigma Diagnostics. Standards and controls 
were as above. 

I 'apoproteins determination. Lipoproteins were separated using 
density gradient ult race ntrifugat ion (25). The separation was carried 
out using an SW-55 Ti rotor from Beckman Instruments Inc. (I uller- 
ton. OA) for 44 h at 40.000 rpm at 15 C in a Beckman XLS0 ultracen- 
trifuge. 

Intravital microscopy. Mice were fed either normal chow or the 
high fat cholesterol diet for 2 wk before surgery. The mesentery was 
prepared (15) and venules 15 to 25 pan in diameter were recorded for 
10 min. The flux of rolling leukocytes was quantitated by counting the 
number ol cells passing through a perpendicular plane in 1 min. Five 
1-min counts were then averaged to determine rolling leukoevtes per 
min ute. 

Microscopic (/nantiraiion of aortie sinus lesions. Hearts from mice 
on diet for 2. 4. N. and 20 w k w ere processed according to Paigen et al. 
(26). After blood collection from the retroorbital venous plexus, 
anesthetized mice were killed by cer\ical dislocation. The heart and 
attached aorta were removed and placed in 0.9% saline for 1 h. then 
fixed in 10", , buffered formalin for 4 7 d. infiltrated with gelatin, em- 
bedded in OCT obtained from Miles Laboratories Inc. (Flkart. IN) 
and frozen. Mice on diet for 37 wk were bled from the retroorbital 
venous plexus and hearts were perfused in situ with 4 U ( > paraformal- 
dehyde (wi-'vol) tor 15 to 20 min. The hearts and aortas were col- 
lected, placed in 4 U <> paraformaldehyde for 4 to 6 h. followed bv 30'\> 
sucrose (wt vol) for 2 to 3 d. Hearts were then embedded in OCT and 
fro/en. All hearts were sectioned using a cryostal and sections dis- 
carded until reaching the junction of the heart muscle and aorta 
where the \alve cusps become visible and the aorta is rounded. Once 
the area was localized, four consecutive 10 p. in sections were col- 
lected for each slide. Sectioning conlinued for 350 \cm (0 10 slides 
heart) towards the aortic arch and exiting the valve region. Sections 
were collected onto gelatin-coated glass slides and odd-numbered 
slides were stained with oil red-O and hematoxylin, and counter- 
stained with light green. Five sections, each NO \xm apart, were scored 
for each animal without knowledge of the genotvpe. The area of the 
lesion was measured with an ocular micrometer. Values reported rep- 
resent the mean lesion area from fixe sections tor each animal. 

Morphonwtru (fuantitatton of lesions in entire aorta. After 4".. para- 
formaldehyde perfusion, aorlae were collected between the subcla- 
vian and iliac branches trom mice on diet for 3^ wk and prepared 
along with hearts as described above. However, after 2 to 3 cl in 30'\, 
sucrose,, the aortae were stored in 10",, formalin for later anal v sis. 



1 he aortae were rinsed in ~n" ... i vol vol ) clhanol tor 3o v stained with 
0.5".. I wt vol i Sudan IV m 35".. clhanol 5n",, acetone tor 15 min with 
continuous shaking, destained in sir., clhanol until background was 
clear, and then washed briefly with water i22>. Aortae were opened 
longitudinal!) and mounted on slides using glycerol gelatin trom 
Sigma Chemical Co. l or quantitation ot Sudan IV stained surface 
area, mounted aortae w ere v isualized through a JVC IK- 1 2S( >l ' yoU)V 
video camera into a l.eica (J5ooMC miatic analvMs program (Leica 
Inc.. Deerfield. 11.1. Percent area covered bv lesion was determined 
bv Sudan IV covered area divided bv total aorta area. 

Identi tit ation of macrophages and smooth muscle eells. For iden- 
tification of macrophages fro/en heart sections ( Hi-^m thick) trom 
mice on atherogenic diet for S wk were fixed in cold acetone for 5 mm 
then incubated with avidin blocking solution followed bv biotin 
blocking solution (No. 004303: Zvmcd Labs. Inc.. S. San Francisco. 
OA ) for 30 min each. I Endogenous peroxidase aetiv itv was blocked bv 
incubating slides m a solution of 3".. hydrogen peroxidase for 5 min. 
Slides were then incubated with a biol in-conjugated ami- Mac- 1 anti- 
body ( No. 01 71 2D. dilution 1:5: Pharmingen. San Diego. OA ) for 4 h 
at room temperature followed bv Vectorstain ABC reagent trom 
Vector Laboratories. Antibodies were visualized by criminogenic de- 
tection with diaminobcnzidine as substrate then counter stained with 
hematoxylin. Antibody was omitted from control section. Smooth 
muscle cells were stained with a mouse monoclonal antibody against 
human u-actin directly coupled to horseradish peroxidase (No. 
C 7033, dilution 1:2: Da ko Corp.. Carpinteria. OA) as described previ- 
ously (27). Briefly . cry ostat cut sections ( 10-^.m thick ) of the aortic si- 
nus of the heart from mice fed an atherogenic diet for 37 w k and per- 
fused with 4"<> paraformaldehyde solution were used. Alter blocking 
endogenous peroxidase activity as described above, slides were incu- 
bated w ith the antibody for 4 h. Visualization of antibodv and counter 
staining of slide were same as described above. Control slides were 
incubated with diluted normal mouse serum. 

Statistical analysis. Data are presented as mcanrSFM. Statisti- 
cal significance was assessed bv Student's / test. 



Results 

LDLR-dcfwient mouse model for atherosclerosis. Mice are gen- 
erally resistant to atherosclerosis and form only small lesions 
on a high fat diet. Therefore, several mouse models genetically 
susceptible to atherosclerosis have been developed (28). In 
some of these models, such as the apolipoprotein F-deficient 
mouse, lesions develop spontaneously (29-31 ); in others, such 
as the LDLR-deficient mouse (21. 22). lesion formation is in- 
duced by a high fat diet, and can thus be tightly controlled. 
Mice deficient in LDLR have elevated lipoproteins (VLDL. 
IDL and LDL). and in mice on high fat cholesterol diets cho- 
lesterol-laden macrophages accumulate in fatty streaks (Fig. 
1 H) in the walls of the entire aortic and proximal coronary 
vessels (22. 32). Because it has not been previously reported 
whether the lesion in the LDLR-deficient mice can progress to 
the fibrous plaque stage (2N). we have submitted these mice to 
8.5 mo of the high fat cholesterol diet. We observed that at this 
time the lesions in the LDLR-deficient mice indeed pro- 
gressed to form fibrous plaques. The lesions had a characteris- 
tic fibrous cap. positive for o-actin. indicating the presence of 
smooth muscle cells (Fig. 1 D). Considering this normal pat- 
tern of lesion progression and the capacity to control lesion on- 
set, we decided to use the LDLR-deficient genetic background 
to study the role of P-selectin in atherosclerotic lesion develop- 
ment. For this purpose, we intercrossed P-selectin -del icient 
mice (15) with the LDLR mice (21) to obtain a line defi- 
cient in both genes (LDLR P-selectin ). 



1038 Johnson et al. 




■sssr 

1 * ?. * * 



f-'igure I. Photomicrographs showing ccllu 
litr composition of aortic sinus lesions of 
I DLR-deficient male mice on the high tat 
cholesterol diet. Sections were obtained 
from mice thai were on the diet lor S \\k 
(A. B) and lor N.5 mo (C, I)). (H) Section 
was immunostained with a rat monoclonal 
anlibodv to \1ac-l (a M (i : ), showing a tatty 
streak laden with Mac- 1 -positive macro- 
phages. (/)) Section was stained with a mouse 
monoclonal anti-u-actin antibody visualiz- 
ing smooth muscle cells in a fibrous plaque. 
{A and (') represent controls without rele- 
\ant antibody. All sections were counter 
stained with hematoxylin. Bar. 120 \xm. 



Diet-induced leukocyte rolling. LDLR mice, with and 
without P-selectin, were fed cither mouse chow or a high-fat/ 
cholesterol diet. To examine the systemic effect the diet may 
have on leukocyte interaction with blood vessel walls, the mice 
were subjected to intravital microscopy of mesenteric venules 
(15) after 2 wk on the diet. The number of rolling leukocytes in 
the venules was increased threefold in the LDLR /P-selectin" 
mice on the high fat/cholesterol diet in comparison with 
LDLR /P-selectin mice maintained on mouse chow (Fig. 
2). This effect was dependent on P-selectin. as the numbers of 



rolling leukocytes remained minimal in LDLR P-selectin 
mice on either diet (Fig. 2). Our results indicate that the high 
I'at/cholesterol diet led to an increase in leukocyte interaction 
with the vessel wall of the mesenteric venules. This could be 
due to either increased endothelial expression of P-selectin or 
changes in the P-selectin ligand on the leukocytes induced by 
the atherogenic diet. 

Total plasma cholesterol and triglyceride levels. To study the 
role of P-selectin in atherosclerotic lesion development, we 
first made sure that the LDLR /P-selectin' and LDLR / 




f igure 4. Representative atherosclerotic 
lesions in LDLR-deheient male mice. Male 
mice were killed after S wk {A, H) and 3 7 
wk (C. /)) on the high fat cholesterol diet. 
S-wk hearts were fixed in 10",, buffered for- 
malin. 37-wk hearts were perfused with 4"n 
paraformaldehyde and the processed hearts 
were stained (2d). LDLR P-selectin 
[A. C) and LDLR P-selectin ( /*. /)) 
aortae with lesion areas close to the mean 
\alue are shown, .Arrowheads indicate le- 
sions in the N-wk samples w here the differ- 
ence in si/e between the two genotypes is 
pronounced. With increasing time on diet, 
the oil rcd-O -positive staining has progres- 
snclv changed from a uniform staining pat- 
tern in the typical fatty streak (A. ID to 
more luminal distribution in the fibrous 
plaque t\ pe lesion ( ( . f) ). This change oc- 
curred equal 1\ in both P-selectin -positi\ e 
and -negatne hearts. Bar. 300 p.m. 
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tolling in I HI R-deh 
tic nt mice on high lat 
cholesterol diet 
1 1)1 K P-selccnn 
and 1.1)1 K P ^lec- 
tin male mice were 
fed cither normal 
mouse chow (d/i(7i 
/>i//-s ) or the high fat 
cholesterol diet I M/i k 
htirs ) tor 2 wk. Mice 
were anesthetized, and 
a midline abdominal in- 
cision w as made to ex- 
pose the mesentcrv . 

The flu\ of leukoevtes was quantilalcd h\ counting the numher ot 
cells passing through a perpendicular plane in 1 mm. Significant leu- 
koc> to rolling w as seen onh in P-sclcctin- positi\ e mice, and this \\ as 
stimulated further h\ the atherogenic diet. n 711: "comparison h\ 
Student's / test I' ■ 0.02. 



P-selectin mice responded similarly to the high fat/cholcs- 
tcrol diet as demonstrated by comparable levels of cholesterol 
and triglycerides in the blood. After 2 wk on the high fat/cho- 
lesterol diet, the total plasma cholesterol was > 2.000 mg/dl in 
male and 1.300 mg/dl in female LDLR mice, independent 
of P-selectin genotype (Table I ). At 4 wk. the cholesterol levels 
in the males decreased to levels detected in the females and re- 
mained similar for the length of the study ( Fable I). The mice 
maintained on chow diet had lower cholesterol levels, and again 
these were similar for both genotypes (LDLR P-selectin 
261. 3r 13.3 mg/dl; LDLR ^P-selectin 223.2=13.5 mg/dl). 
After X wk on diet. 5 LDLR animals (if each P-selectin geno- 
type and sex were also analyzed for cholesterol distribution 
among lipoprotein fractions by density gradient uitraeentri (li- 
gation. Consistent with earlier studies (22). the increased 
plasma cholesterol levels were mainly due to an accumulation 
of [3-VLDL (not shown). No statistical!) significant differences 
in the cholesterol distribution among lipoproteins for the two 
P-selectin genotypes were detected. Triglyceride levels were 
also determined for several animals of each group on the high 
fat cholesterol diet and were found to be similar among all 
sexes and genotypes. 

Lesion development in the first S wk on diet. LDLR mice 
on chow diet for cS w k did not develop atherosclerotic lesions. 
In contrast, all groups of LDLR mice (males or females, 
positive or negative for P-selectin) developed small lipid -con- 
taining lesions in the cusp region of the aorta in the first 2 wk 
on the hiizh fat cholesterol diet. There was little chanue in le- 



sion si/c between 2 and 4 wk in LDLR P-selectin and 
LDLR P-selectin mice (Fig. 3 ». However, the N wk aor- 
tae had large mtimal collections of cholesterol-laden foam cells 
resulting in conspicuous projections into the sinus region (lags. 
1 and 4 I. The lesion areas in females were similar for both 
P-selectin and P-selectin mice < Fig. 3 H ) but were smaller 
than m P-selectin males (/' O.IK)3 ). Comparison ot lesion ar- 
eas in the S-wk-old male samples showed that the P-selectin 
male mice had lesions twofold larger than the P-seleetin 
males \I> (UKHIL Fig. 3 .-1. and lag. 4, A and B). The gender 
difference in P-selectin-dependence was reproducible: the 
data presented in Fig. 3 were combined from two independent 
experiments yielding identical results (for the S wk time point, 
experiment 1: males P - 0.031. females P ~ 0.20; experiment 
2: males /' 0.023. females P - 0.73). W hen mean lesion areas 
of all (male and female) LDLR P-selectin" (// - 27) and 
LDLR P-selectin (// - 26) animals were compared, the 
difference between the two groups was also statist ieallv signifi- 
cant (/' = 0.0012. Fig. 3 C). ' 

Lesions in tniee on lon^-term diet To examine the role of 
P-selectin in lesion progression we maintained a group of 
FDFR P-selectin and FDFR P-selectin mice on 
the high fat/cholesterol diet up to <S.3 mo. In mice killed after 
20 wk on the diet, a sex difference in lesion si/e was no longer 
evident (not shown). A slightly larger lesion size was observed 
in both sexes in the FDFR P-selectin animals as com- 
pared to FDLR /P-selectin . and this 20% difference was 
statistically significant when females and males were combined 
{ 13 LDLR /P-selectin and 14 LDLR /P-selectin : P 
0.05; Fig. 5). Sections of the base of the aorta showed that, de- 
spite their increased si/e. the lesions were still predominantlv 
of the fatty streak type without an obvious fibrous cap. At 20 
wk. the lesion also involved the root of the coronary artery. 
This occurred in both P-selectin genotvpes (not shown). 

At 37 wk of diet, the lesion composition appeared qualita- 
tively different from those seen at the earlier time points (Fig. 
4). The oil red-O staining was mainly confined to lumena sur- 
face rather than being evenly distributed throughout the lesion 
as seen in the earlier fatty streak lesions. The lesions con- 
tained a necrotic core and were positive for a-actin (Fig. 1) 
indicating that they had progressed to the fibrous plaque stage. 
Quantitation of lesion size in the cusp region no longer showed 
a statistically significant difference between P-selectin-positive 
and -negative animals (Fig. 3). While at S wk on the high fat 
cholesterol diet we found no obvious lesions in a segment of 
the aorta dissected between the subclavian branch and iliac 
branch in either P-selectin genotype (not shown), lesions were 
numerous in this segment at 37 wk. To quantifv the lesions. 5 
FDFR P-selectin" and 5 FDFR P-selectin male aor- 
tae were stained with Sudan IV (Tig. 6). The percent surface 



Table I. Total Plasma Cholesterol (m^ulh in LDLR-Dcf'icient Mice on /.23% Cholesterol Diet 
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Mice were led high fat cholesterol diet for 2. 4, .s. 2o. or 3" w k at which time plasma was collected and anal\/ed for total cholesterol. I he \alues rep- 
resent the mean " SFM The \ aluewn parentheses represent the numher of animals evaluated. ( omparison bv Student's i test /' 0.000|: L 0.02. 
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I '-'inure .i. Atherosclerotic le- 
sion si/e in 11)1 R-dclicienl 
mice with and without P-selcc- 
tin. (A ) Male mice onl\. ( B) 
leniales onl\ . and ( ( ) hoth 
sexes combined. 1 1)1 R 
P-selectin {open s ( fu ( ire\ ) 
and LDLR P-sclectin 
{closed circles ) h N-wk-old 
mice were ted the high tat 
cholesterol diet tor 2. 4. and 
S wk. Hearts with ascending 
aortae were collected, pro- 
cessed, and oil red-() -posi- 
tive vascular lesions were 

Mean values of five sections/mouse were used tor comparison by Student's / lest. Asterisks indicate statistically significant ditfer- 
0.0001. (O r 0.0012. (B) The female mice did not show a difference in lesion si/e. 
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area occupied by the lesions in these preparations was compa- 
rable lor both genotypes (LDLR /P-selectin 53.7% and 
LDLR /P-selectin 5 1 .0%. V = 0.84). 

The above results indicate that P-selectin mediated adhe- 
sion plays an important role in the initial stages of atheroscle- 
rotic lesion development, i.e.. fatty streak formation, and that 
its involvement is no longer significant when lesions progress 
to later stages. 

Discussion 

The suggestion that Weibel-Palade bodies may be involved in 
atherosclerosis dates back to the 1970s, as these organelles that 
are known to contain the adhesion molecules von Willebrand 
factor (33) and P-selectin (7. <X) were shown to be more numer- 
ous at sites of atherosclerotic lesions (34). Increased mem- 
brane expression of P-seleetin and of two other adhesion mol- 
ecules for leukocytes. K AM I and VCAM-1. has been shown 
in human and rabbit atherosclerotic plaques (35-38). Oxi- 
dized LDL. a risk factor for atherogenesis. can induce sustained 
P-selectin expression in human umbilical vein endothelial cells 
and on rat aortic rings in vitro. Anti-P-seleclin antibodies in- 
hibit monocyte adhesion to the oxidi/ed-LI)L treated endo- 



thelium (30. 40). Similarly, in an in vivo model using the skin- 
fold chamber, injection of oxidized LDL caused an increase in 
leukocyte rolling and adhesion to endothelium in both venules 
and arterioles. Leukocyte adhesion to venular and arteriolar 
endothelium in this model was significantly reduced bv infu- 
sion of anti-P-selectin antibodies (41). Comparably, in the 
LDLR-deficient mice we observed a threefold increase in leu- 
kocyte rolling in the mesenteric venules when these mice were 
subjected to high fat/cholesterol diet for one (not shown) or 
two weeks (Fig. 2). This increase in adhesiveness was com- 
pletely prevented by the absence of P-selectin. Phis indicates 
that P-selectin is the responsible adhesion molecule and that 
other adhesion molecules, such as E-selectin. do not play a pri- 
mary role at this early stage. Because high fat/cholesterol diet 
induces not only leukocyte rolling in the venules of the 
LDLR mice but also leukocyte transmigration in the aortae 
leading to fatty streak formation (22. 32). we hypothesized that 
P-selectin may also be involved in the latter process. 

Indeed, we observed that the absence of P-selectin reduces 
the size of the fatty streaks formed in the LDLR-deficient mice 
(Figs. 3-5). and this was especially pronounced in the males 
(Fig. 3 A. and Fig. 4. A and B). It is likely that in these animals 
there is a sex difference in upregulation of P-seleetin. and thus 




37 weeks 



f igure 5. Atherosclerotic legion si/e in LDLR-deficient mice with 
and without P-selectin on long-term atherogenic diet. h-N-wk-okl 
mice were led a high fat cholesterol diet for 20 and 37 uk. Hearts 
were processed and vascular lesions were measured; LDLR 
P-seleetin {open bars ) and LI )LR P-seleetin ( hUu k htirs ). 
Mean values of 5 sections (/; 1 mouse ) w ere used tor comparison 
bv Student 's / test. }> ().( h. 




I i-nre h. Aortae ot 1.1)1 R-defi- 
cient mice on atherogenic diet for 
3 7 wk. Aortae of male mice were 
dissected, opened, and stained 
with Sudan IV. (A ) shows an 
LDLR P-seleetin and (B) 
shows an LOI R P-selectin 
specimen. 
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it may play a more important role in the male nuee than in fe- 
malev Reccntlv . studies in \ itro with human umbilical \ cm en- 
dothelial celU. have shown that the presence of the female sex 
hormone P^-ostradiol strong inhibited the II.- 1 induced 
uprcgulation of the leukoevtc adhesion molecules K AM I. 
WAM-l. and h-selcctin (42). Although the effect ot this hor- 
mone on P-selectin expression, which is also up regulated b\ 
cytokines (14). was not examined in that study, we hvpothesi/e 
that P-selectin may be under a similar regulatory effect of es- 
trogen. Down regulation of P-se lectin expression by estrogen 
may at least in part explain why P-selectin plays a more domi- 
nant role in the male mice. Similarly, less expression of sev eral 
leukocyte adhesion molecules in the LDLR-deficient female 
mice combined with lower cholesterol levels at 2 wk. may re- 
sult in the formation ol" smaller tatty streak lesions in the fe- 
males than seen in the males {P = 0.005; Fig. 3). Others found 
a comparable sex difference in lesion si/e in LDLR-deficient 
mice maintained for b mo on a I "n cholesterol diet (32). In ad- 
dition, the LDLR-deficiency changes the lipoprotein profile of 
the mouse so that it becomes similar to that of humans, with 
non-HDL lipoproteins dominating the lipoprotein species 
(22). Therefore. LDLR-deficiency has made mice more like 
humans (43) with respect to gender-related susceptibility to 
diet-induced atherosclerosis. This sex difference combined 
with our demonstration that the LDLR-deficient mice develop 
similar fibrous plaque lesions {Fig. 1 ) as seen in humans, shows 
that the LDLR-deficient mice indeed constitute an interesting 
animal model to study the genes involved in atherogenesis. 

From our study it is apparent that P-selectin played a sig- 
nificant role in the formation of the fatty streak type lesions 
(S-20 wk on diet) and its importance declined when the lesion 
reached the fibrous plaque stage (37 wk on diet). The reason 
for this may be that the fatty streak formation and growth re- 
lies heavily on the recruitment of monocytes macrophages 
(44). and lipid-filled macrophages arc the main component of 
the fatty streak (Fig. 1 B). P-selectin is an excellent candidate 
to play a role in this recruitment as it was shown to promote re- 
cruitment of monocyte/ macrophages in thioglycol late-induced 
inflammation (16). in contact hypersensitivity response (17). 
and together with E-sclectin in skin excisional wounds (44a). It 
is possible that F-selectin also plays a role in monocytes re- 
cruitment to the fatty streak and that the growth of the lesions 
w ill be further delayed in mice deficient in both of the endothe- 
lial select ins. The normal progression from fatty streak to fibrous 
plaque occurred in both P-selectin-positive and negative ani- 
mals, as indicated by the similar intensity of u-actin staining in 
the lesions of mice of both genotypes (not shown). At 37 wk. 
we have observed that the lesions in the two genotypes 
LDLR P-selectin and LDLR /P-selectin ' were of 
comparable si/e as determined both from sections in the cusp 
region and by computer analyses of lesion areas in the isolated 
aortae (Fig. 4 C and /). and Fig. 6). The lesion si/e in the cusp 
region was shown previously to correlate well with the extent 
of lesions in the rest of the aorta (32). Despite the fact that ad- 
ditional recruitment of monocytes and lymphocytes contrib- 
utes to lesion growth also at the fibrous plaque stage, the le- 
sion sizes in the P-selectin deficient animals caught up with 
those of wild types. This suggests that other adhesion mole- 
cules must play a role at these later stage or that they are at 
least able to replace P-selectin in its absence. The importance 
of P-selectin may return when the atherosclerotic lesion 
progresses further to the complex stage where thrombus forma- 



tion with fibrin and platelet deposition are apparent. P-selectin 
was shown to be important for leukoevte recruitment into 
platelet thrombi under flow ( Ruggeri et al.. unpublished obser- 
vations) and tor fibrin deposition onto vascular grafts (45). 
The hvpothesis that P-selectin mav plav a role in the complex 
lesion could not be tested as the known mouse models tor ath- 
erosclerosis do not appear to progress to this stage (2N). 

We have not addressed whether it is endothelial P-selectin. 
platelet P-selectin. or both that promote fatty streak growth. 
P-selectin on platelets mediates rosetting with monocytes and 
neutrophils (46. 47). This interaction could bring platelets, 
with all of their biological activ ities, into the lesion (2. 4S). Fur- 
thermore, platelets can contribute cholesterol esters to mac- 
rophages (4s>. 50). Thus it is possible that endothelial P-selectin 
is responsible for the adhesion of monocytes to the lesion site, 
whereas platelet P-selectin may contribute to cholesterol accu- 
mulation in macrophages in situ. We have previously demon- 
strated that platelets roll on endothelium in a manner similar 
to leukocytes (1°0. This rolling is dependent on endothelial 
P-selectin providing vet another mechanism for platelet accu- 
mulation al sites of v ascular lesions. 

Chemokine cytokine secretion most likely cooperates with 
adhesion molecules to magnify the recruitment of monocytes 
to lesion sites and P-selectin mav also plav a role in this process. 
Monocyte binding to endothelial P-selectin in the presence of 
platelet activating factor induces secretion of monocyte 
chemotactic protein- 1 and tumor necrosis factor-u (TNF-u; 
51). Moreover. TNF-a can increase expression of endothelial 
P-selectin (14). possibly further potentiating monocyte recruit- 
ment to the lesion. Perhaps one of the housekeeping functions 
of endothelial P-selectin is to recruit monocytes /macrophages 
to scavenge small lipid deposits in the subendothelium. Similar 
to the situation in chronic inflammation, normal leukocyte re- 
cruitment, and vessel wall surv eillance may become excessive in 
a diseased vessel leading to atherosclerotic lesion development. 

Atherosclerosis is a poly genic disease. The majority of pre- 
viously known genes are directly linked to lipid metabolism. 
We now show that the gene for an adhesion molecule. P-selec- 
tin. and likely also those involved in the regulation of its sur- 
face expression, could play a role in atherosclerosis. 
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Summary 

We describe the phenotype of mice lacking both endo- 
thelial selectins after sequential ablation of the genes 
encoding P- and E-selectins. In contrast with the 
rather mild phenotypes observed in mice deficient in a 
single selectin gene, the doubly deficient mice present 
extreme leukocytosis, elevated cytokine levels, and 
alterations in hematopoiesis. Granulocytopoiesis is in- 
creased both in bone marrow and spleen, while eryth- 
ropoiesis is partially translocated to the spleen. Virtual 
lack of leukocyte rolling and low extravasation at sites 
of inflammation make these animals susceptible to 
opportunistic bacterial infections, to which they suc- 
cumb. Our results show that the absence of endothe- 
lial selectins severely affects leukocyte homeostasis 
and indicate that these two selectins are as important 
for normal leukocyte function as are the leukocyte (52 
integrins. 



Introduction 

The emigration of white blood cells to inflammatory sites 
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cyte rolling along activated endothelium, leukocyte acti- 
vation, firm adhesion, and transendothelial migration 
(Butcher, 1991; Springer, 1995). Several types of adhe- 
sion molecules are involved in this sequential process, 
but their relative importance remains unclear. The selec- 
tin family of genes, clustered on chromosome 1, con- 
tains three members with a common structure con- 
taining an N-terminal lectin domain (McEver et al., 1995; 
Tedder, 1 995). L-selectin is found constitutively on most 
leukocytes. Originally recognized as a lymph node hom- 
ing receptor, it has also been shown to participate in 
adhesion of leukocytes to endothelium and leukocyte 
rolling. P-selectin is stored in <* granules of platelets 
and Weibel-Palade bodies of endothelial cells. Rapid 
translocation to the plasma membrane occurs upon ac- 
tivation. P-selectin is an important mediator of leukocyte 



rolling. The other endothelial selectin, E-selectin, is not 
stored, but requires de novo synthesis following stimula- 
tion. It is therefore thought to be expressed on the mem- 
brane of endothelial cells only under inflammatory con- 
ditions. E-selectin also promotes the interaction of 
leukocytes with endothelium. The role of E-selectin in 
leukocyte rolling in vivo is controversial (Olofsson et al., 
1994; Ley et al., 1995). 

In the past three years, mice lacking each of the selec- 
tins have been described. P-selectin-deficient mice 
have virtually no leukocyte rolling upon exteriorization 
of the mesentery, and the extravasation of neutrophils 
in these animals is delayed in thioglycollate-induced 
peritonitis (Mayadas et al., 1993). L-selectin deficiency, 
in addition to defects in lymphocyte homing to lymphoid 
tissues, also delays thioglycollate-induced peritonitis 
and reduces leukocyte rolling (Arbones et al., 1994). 
Mice lacking E-selectin, in contrast, were reported to 
have no defect in models such as thioglycollate-induced 
peritonitis unless anti-P-selectin antibodies were in- 
fused, suggesting overlapping functions of P- and 
E-selectins (Labow et al., 1994). The differences among 
the three strains of mice lacking each of the selectins 
show that, despite some overlapping functions, they 
play distinct roles in vivo. 

Two known human clinical syndromes result from de- 
ficiencies in leukocyte adhesion molecules. Leukocyte 
adhesion deficiency type 1 (LAD-1 ) stems from defective 
\>>2 integrins. The disease is manifested by recurrent 
bacterial and fungal infections without pus formation 
and deficiencies in wound healing (Anderson and 
Springer, 1987). LAD-2 results from a defect in the syn- 
thesis of fucosylated carbohydrates, among which are 
the ligands for the selectins (Etzioni et al., 1992). The 
clinical manifestations of LAD-2 are complex and in- 
clude developmental defects and recurrent bacterial in- 
fections (Frydman et al., 1 992). Neutrophilia is conspicu- 
ous in both disorders. Further analyses of these rare 
diseases would be enhanced by development of animal 
models. 

We report here the characterization of P- and E-selec- 
tin doubly deficient mice generated by two rounds of 
homologous recombination in embryonic stem (ES) 
ceiis. Tnese mice dispiay a phenotype reminiscent of 
LAD patients, including defects in leukocyte extravasa- 
tion at sites of inflammation as well as susceptibility 
to opportunistic bacterial infections. They also exhibit 
alterations in hematopoiesis, with elevated levels of he- 
matopoietic cytokines. These phenotypic characteris- 
tics reveal broader roles for the endothelial selectins 
than had been suspected. 

Results 

Generation of P- and E-Selectin 
Double-Deficient Mice 

The proximity of the genes encoding the selectin family 
(within 300 kb) precludes production of doubly deficient 
mice by mating singly deficient animals. Therefore, mu- 
tants for both vascular selectins were engineered 
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Figure 1 . Targeting Strategy and Genotyping 
of Progeny from Double Heterozygous 
Crosses 

(A) The wild-type E-selectin locus is shown 
in the upper line. To construct the targeting 
vector, the hyg cassette was inserted into 
7.1 kb of E-selectm sequence. The exons en- 
coding the signal peptide, lectin domain, and 
part of the EGF domain were deleted in this 
process. Although HSVtk sequences were in- 
cluded at both ends of the targeting vector, 
negative selection with gancyclovir was not 
used owing to toxicity. Resistant clones were 
screened with a 5 probe that identifies the 
targeted 8.6 kb mutant and 6.7 kb wild-type 
Sacl bands. Targeted clones were verified 
with Accl and Ncol. 

(B) Southern blot analysis of E-selectin locus 
from a Sacl digest and PCR analysis for the 
P-selectm null mutation. Genomic DNA was 
extracted from tail biopsies of a representa- 
tive litter. The fragment sizes are indicated. 
The first lane shows a digest of an ES cell 
clone, heterozygous for E-selectin, for com- 
parison. The lower panel shows a PCR assay 
for P-selectin. The 480 bp band represents 
the targeted allele. These null mutations seg- 
regate together during meiosis. 
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through a second round of gene targeting by homolo- 
gous recombination in ES cells that were heterozygous 
for a P-selectin mutation (Mayadas et al., 1 993). To make 
the targeting vector (Figure 1A), we removed a 1.9 kb 
genomic sequence containing exons encoding the sig- 
nal peptide, the lectin domain, and part of the epidermal 
growth factor (EGF) domain and replaced it with a hygro- 
mycin B resistance gene driven by phosphoglycerate 
kinase promoter (PGK-hyg ). The replacement vector in- 
cluded 3.2 kb and 3.9 kb of genomic DNA flanking the 
PGK-hyg r . 

ES cells were electroporated, and 1326 resistant 
clones were picked. Four homologous recombination 
events were detected by Southern blot analysis (Figure 
1 B). Highly chimeric animals were generated from these 
clones. Two of the four clones transmitted the mutation 
to their offspring. Germline transmission from one clone 
produced either P-selectin-deficient heterozygotes or 
E-selectin-deficient heterozygotes, indicating a recom- 
binational event in trans. The progeny transmitted 
through the germline of chimeras from the second clone 
were either heterozygous for both P- and E-selectins or 



of wild-type genotype, indicating the presence of the 
desired double mutation in c/s. The resulting doubly 
heterozygous animals were inter-crossed to obtain via- 
ble doubly deficient homozygous mice (Figure 1B). 

Double mutants, either heterozygous or homozygous, 
showed no differences in weight and reproductive ability 
compared with wild-type littermates. The tail length of 
these mice was also comparable, suggesting that the 
development of even the longest blood vessels is not 
impaired in double-deficient mice. Offspring from inter- 
crosses of heterozygous mice were 26% (110 of 426) 
double homozygotes, 48% (206 of 426) heterozygotes, 
and 27% (113 of 426) wild-type, indicating that intact 
P- and E-selectin genes are not required for embryonic 
angiogenesis or survival after birth. 

Verification of Null Alleles for 
P- and E-Selectin 

We have previously shown that the P-selectin mutation 
is a null mutation (Mayadas et al., 1 993). To test whether 
intact E-selectin mRNA is produced by P- and E-selectin 
double mutants (P/E ) and E-selectin mutants (E ), 
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Figure 2. mRNA Analyses of Endothelial Selectins 

(A) Northern blot. Total RNA from LPS-treated wild-type (•/■), dou- 
ble-heterozygous (- / ), and double-homozygous ( / ) mice was 
isolated from the hearts (H) and lungs (L). Samples were electropho- 
resed on a 1 .2% agarose-0.66 M formaldehyde gel and sequentially 
hybridized with the rat E-selectin. mouse P-selectin, and mouse 
l^-actin probes. The 28S and 18S bands were comparable after 
staining the gel with ethidium bromide (data not shown). 

(B) RT-PCR analysis. cDNA conversion was achieved from cardiac 
and pulmonary total RNA of / . / .and / mice using olinnMT) 
as primer. A product was obtained using primers downstream to 
the deletion (primers 1 and 2; data not shown). While a wild-type 
band (160 bp) was produced from cDNA of ■/■ and •/ mice using 
a set of three primers (3, 4, and 5). no product was detectable from 
cDNAof / mice. The mutant band (31 5 bp), generated by primers 
4 and 5, was not detected in • / and / cDNA. showing that no 
stable readthrough message is produced from the mutated 
E-selectin locus. The lower band in each lane represents primer 
dimerization. 



we treated mice with lipopolysaccharide (LPS) to induce 
expression of E-selectin and up-regulation of P-selectin 
{Bevilacqua et al., 1987; Sanders et al., 1992). Northern 
blots (Figure 2A) did not show any transcript of wild- 
type size for either P- or E-selectin in double mutants. 
A faint 3.0 kb band (Figure 2A) may represent an aberrant 
message. Rehybridization with a probe from the lectin 



domain (data not shown) showed no message in P/E 
animals. No expression of wild-type E-selectin message 
was seen in E mice (data not shown). We performed 
reverse transcriptase-polymerase chain reation (RT- 
PCR) to detect even low levels of E-selectin mRNA. 
A product from wild-type, E , and P/E mice was 
obtained using primers from the second complement 
repeat region and the transmembrane domain (data not 
shown). However, no cDNA could be amplified from 
homozygous mutant tissue RNA with primers derived 
from the lectin and EGF domains (Figure 2B). Hearts 
from LPS-treated wild-type mice showed positive immu- 
nofluorescent staining for both P- and E-selectins in 
capillaries and small venules, whereas no detectable 
specific staining for E-selectin or P-selectin was visible 
in stimulated endothelium of double mutants. Likewise, 
no E-selectin protein was detectable in E mice with 
normal P-selectin expression (data not shown). 

To verify the expression of L-selectin, leukocytes were 
labeled with the L-selectin antibody, MEL-14, and anti- 
u M antibodies. P/E mice presented increased num- 
bers of neutrophils, all of which expressed normal levels 
of Mac-1 . Two populations of neutrophils were found 
with regard to L-selectin expression, with about half 
of the cells showing normal levels and the rest being 
negative for L-selectin (data not shown). This may be 
due to shedding of L-selectin by activated or senescent 
circulating neutrophils. Nonetheless, the L-selectin 
gene, which lies between the mutated P- and E-selectin 
genes, remains functional. 

P- and E-Selectin Double-Deficient Mice 
Exhibit Pronounced Leukocytosis 
and Splenomegaly 

To determine whether lack of both endothelial selectins 
would influence leukocyte counts, peripheral blood cells 
were quantitated and leukocyte subpopulations were 
assessed (Table 1). We found a mean 3.9-fold elevation 
of total leukocytes in the double mutants compared with 
wild-type counterparts. Mature polymorphonuclear 
neutrophils were increased more than 1 6-fold and repre- 
sented more than 50% of leukocytes. Absolute numbers 
of monocytes, eosinophils, and lymphocytes were also 
elevated (Table 1). No immature forms were seen on 
blood films of P/E animals. The hemoglobin levels 
ana reticulocyte and platelet counts of P/E mice were 
comparable with those of wild-type littermates. Blood 
counts were normal (total leukocytes, 5800 ■ 600; neu- 
trophils, 737 ■ 150, n 10) in E mice. 

To test for leukocytosis throughout the life of double- 
mutant mice, we harvested blood from neonatal mice 
(less than 1 8 hr old) and determined neutrophil numbers. 
Even at this young age, total leukocyte counts were 
increased in double-deficient mice, mainly due to a 
3.3-fold increase in neutrophil numbers (2720 - 528 
[n 9] for wild type; 9010 - 927 [n 13] for P/E ; 
p < 0.001). 

These abnormalities suggest a role for both P- and 
E-selectins in leukocyte homeostasis and imply that 
E-selectin can be expressed without obvious infection 
or inflammation. To examine this possibility, we isolated 
RNA from several organs of healthy wild-type mice. By 



Table 1 Peripheral Blood Counts 



Blood Cell Types 


Wild Typ 




Total leukocytes (per b 


6000 


800 


Neutrophils 


824 


91 


Monocytes 


1 80 


25 


Eosinophils 


93 


24 


Lymphocytes 


4919 


750 


Platelets ( 10 /. I) 


821 


-"03 


Hemoglobin (g/li 


157 




Reticulocytes ( ) 


2.9 


0.4 



n 8. except for reticulocyte counts, where n 12. P/E / 



Fold 



P/E 






Increment 


p Value 


23100 


2000 




3.9 


0.001 


1 3625 


1450 




16.6 


0,001 


17 57 


41 1 




9.8 


0.002 


567 


155 




6.3 


0.009 


7368 


619 




1.5 


0.03 


1021 


103 






0.2 


158 


1 






09 


2.8 


0.4 






0.8 



P- and E-selectin double-deficient mice. 



RT-PCR, we found trace levels of E-selectin transcript 
in every organ studied (Figure 3A); expression appeared 
highest in the lung and bone marrow. We also examined 
mRNA by Northern blot of unstimulated heart and lung. 
Again, a trace of message was detected in both organs 
(Figure 3B). 

We consistently observed splenomegaly in double 
mutants, Splenic weights, normalized to body weights, 
from P/E and wild-type mice were increased about 
2-fold in favor of the P/E mice. Spleen weights of 
mice deficient in only P-selectin (P ) or E-selectin were 
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Figure 3. Analyses of E-Soloctin mRNA in Tissues of Wild-Type 
Mice 

(A) RT-PCR analysis. RNA was isolated from organs (indicated 
above) of resting double-deficient ( / ) and wild-type mice (■/■). 
Organs from two / mice were pooled. Reverse transcription was 
obtained from 4-5 ,,g of total RNA, and PCR amplification using 
primers 2 and 3 (see Figure 2B) was performed. A 1 .5 kb E-selectin 
band was detected in every organ studied, while no detectable 
product was obtained from the lungs and hearts of / mice. 

(B) Northern blot. Total RNA of unstimulated hearts (H) and lungs 
(L) of / and / mice was electrophoresed for Northern blot 
analysis and probed with the mouse lectin domain sequence. Under 
resting conditions, trace of E-selectin transcript is detected in the 
lungs and the hearts of / mice. Note the massive induction 
of E-selectin in the cardiac and pulmonary tissues of mice treated 
with LPS. 



comparable with those of wild-type mice Weights of 
other lymphoid organs, such as the thymus and pe- 
ripheral lymph nodes, were also comparable between 
P/E and wild-type mice. Microscopic examination of 
spleen sections disclosed an expanded red pulp (Figure 
4) and increased extramedullar hematopoietic activity 
(EMH). Histologic examination of thymus, lymph nodes 
including Peyer's patches, kidneys, hearts, lungs, brain, 
intestine, and skeletal muscle showed no obvious ab- 
normalities in the double mutants. Three out often P/E 
animals examined showed evidence of focal EMH in the 
liver. The abnormalities in the spleens and, in some 
cases, the livers, which were not seen in mice lacking 
a single endothelial selectin, indicate a greatly expanded 
hematopoiesis in mice deficient in both endothelial se- 
lectins. 

The Double Mutation Leads to Elevated 
Cytokines and Alterations of Hematopoiesis 

We analyzed hematopoiesis in the doubly mutant mice 
to seek an explanation for the elevated numbers of white 




Figure 4. Bone Marrow Smears and Splenic Histology 
Femoral bone marrow smears from wild-type (A) and P- and 
E-selectin double-deficient mice (P/E ) (B). Mature neutrophils 
(arrow) account for the majority of nucleated c ells of the double- 
mutant bone marrow with less numerous erythroid precursors (ar- 
rowhead), whereas a normal myeloid to erythroid ratio is seen in 
the wild-type bone marrow. Spleen sections were stained with he- 
matoxylin-eosin. While the red pulp of wild-type spleens fC) is com- 
posed mainly of mononuclear cells, the red pulp of P/E spleens (D) 
is expanded with large numbers of neutrophils (arrow) and increased 
hematopoietic activity, as shown by numerous erythroid precursors 
(arrowhead) Bar. 50 ( .m. 
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Table 2. Bone Marrow Differential Counts 





Wild Type 


P/E 






Nucleated Cell Types 


{"«> ' 


SEM) 


<"« ■ 


SEM) 


p Value 


Myeloblasts 


U.b 


0.1 


U.8 


U.L' 


0.3 


Promyelocytes 


1.0 


0.2 


2.4 


0.4 


0.02 


Myelocytes neutrophil 


1.5 


0.3 


3.3 


0.2 


0.001 


Myelocytes eosinophil 


0.1 


0.1 


0.3 


0.2 


0.4 


Metamyelocytes neutrophil 


4.1 


0.5 


8.7 


0.9 


0.001 


Metamyelocytes eosinophil 


0.4 


0.2 


0.9 


0.2 


0.09 


Bands and rings neutrophil 


13.9 


0.7 


20.5 


1.9 


0.009 


Bands and rings eosinophil 


0 6 


0 2 


1.6 


0.7 


0.2 




27.9 


1.2 


38 6 


2 2 


0 002 


Polymorphonuclear eosinophils 


1.7 


■ 0.5 


2.4 


0.G 


0.3 


Monocytes 


0.1 


0.1 


0.4 


0.2 


0.3 


Lymphocytes 


14.9 


1.1 


9.5 


0.9 


0.004 


Plasma cells 


0.0 


0.0 


0.4 


0.2 


0.1 


Pronormoblasts 


0.8 


■ 0.2 


0.1 


0.1 


0.003 


Basophilic normoblasts 


3.6 


0.6 


1.0 


■ 0.3 


0.003 


Polychromatophilic normoblasts 


27.6 


2.4 


8.9 


1.2 


0.001 


Orthochromic normoblasts 


1.0 


0.2 


0.2 


■ 0.1 


0.006 


Myeloid/Erythroid ratio 


1.6 


■ 0.2 


8.7 


1.5 


0.001 



Differential counts of hematopoietic elements of femora! bone marrows from at least 300 nucleated cells per slide were made. Averages were 
obtained from six wild-type and six P/E / mice. 



cells. Femoral bone marrows were extracted from wild- 
type and healthy-appearing 6-week-old P/E ' mice to 
assess their complement of nucleated cells. Neutro- 
philic granulocytes comprised most of the cells of the 
P/E 1 bone marrow extracts, with an average of 60% 
segmented bands and ring forms versus 42% in wild- 
type mice (Table 2). Although differentiating myeloid 
precursors were significantly more numerous in the dou- 
ble-mutant mice, blast forms were not increased. In con- 
trast, precursor cells from the erythroid lineage were 
underrepresented (Table 2). Consequently, the myeloid 
to erythroid ratio was increased more than 5-fold. The 
total cellularity of femoral marrows was comparable be- 
tween wild-type and double-mutant mice (1.6 " 0.1 > 
10 7 versus 1.9 - 0.2 ' 10 7 nucleated cells, n - 12). Bone 
marrow morphology and cellular composition were nor- 
mal in P-selectin-deficient mice (Johnson et al., 1995) 
and in E mice (data not shown). 

To assess myeloid and erythroid progenitor cells, we 
plated bone marrow and spleen cells into semi-solid 
media containing appropriate hematopoietic growth 
factors. Colony-forming units-qranulocyte/macrophaqe 
(CFU-GM) and erythroid-burst-forming units (BFU-E) 
were counted after 7 days. In contrast with the bone 
marrow, the splenic cellularity was increased 2-fold in 
P/E mi' 3 (1.4 • 0.3 - 10 8 versus 2.7 0.2 ■ 10 8 ; 
p 0.00^, which parallels the increased spleen weight. 
Bone marrows from double-mutant and wild-type mice 
harbored similar proportions of CFU-GM and BFU-E (Ta- 
ble 3), whereas the total numbers of CFU-GM and BFU-E 
recovered from spleens of P/E mice were significantly 
increased (Figure 5). We next assayed CFU-GM and 
BFU-E in 14.5-day-old fetal liver. Numbers of CFU-GM 
and BFU-E were not significantly different between wild- 
type and P/E mice, suggesting that the abnormalities 
in hematopoiesis were acquired after birth (Table 3). 

The observed increased hematopoietic activity in 
adult P/E mice might be a response to systemic 



elevation of hematopoietic cytokine production in this 
genotype. We therefore assayed two hematopoietic cy- 
tokines, granulocyte/macrophage colony-stimulating 
factor (GM-CSF) and interleukin-3 (IL-3), in sera of wild- 
type, P , and P/E ' mice. While there was a trend 
toward increased levels of cytokines in mice deficient 
in P-selectin only, doubly deficient animals presented, 
on average, a greater than 40-fold elevation in levels of 
IL-3 relative to wild-type mice, and GM-CSF levels were 
increased 5-fold (Table 4). 

Occurrence of an Ulcerative Cutaneous 
Infection in P- and E-Selectin Double Mutants 

The consistent findings of leukocytosis and splenic en- 
largement suggested the possibility of an infection in 
these P/E mice that are potentially immunocompro- 
mised. We first sought pathogenic microorganisms in 
three P/E mice aged 8-12 weeks. Blood cultures (for 
bacteria and fungi), extensive viral serologies, and a 
search for parasites all returned negative. These results 
suggested that the above abnormalities were not sec- 
ondary to a detectable infectious process. We subse- 
quently noticed, however, an increased incidence of a 
perinasal cellulitis with or without ulceration in double- 
deficient mice. In a cohort of 388 wild-type (n 97), 
double-heterozygous (n 190), and double-homozy- 
gous (n 101) mice, 1 1 double mutants developed this 
condition (all aged >8 weeks), whereas none of the het- 
erozygotes or wild-type littermates did at a median age 
of approximately 1 1 weeks. The prevalence of the skin 
disorder increases with age, the majority of the mice 
older than 4 months being affected. Afflicted mice pre- 
sented very high leukocyte counts (73,200 - 8,900, 
n 6), which is severalfold higher than that seen in 
asymptomatic P/E mice (Table 1 ). This chronic celluli- 
tis, which becomes ulcerative, may evolve to the anterior 
cervical and upper thoracic regions (Figure 6A) or to 
periorbital areas, producing conjunctivitis. Fatalities 
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Table 3. Hematopoietic CFU 



Wild Type P- and E-Selectin / 

Colonies CFU-GM BFU-E CFU-GM BFU-E 
Fetal liver 

(number of cotonies/10- nc) 140 9 38 2 1 34 3 32 3 
Bone marrow 

(number of colonies/10' nc) 3940 388 247 - 49 4831 377 307 46 
Spleen 

(number of colonies/10 f nc) 137 ■ 25 74 ■ 17 331 61 108 24 



Femoral bone marrow and splenic cells were isolated from 6- to 8-week-old mice, and fetal liver cells were obtained from day 14.5 fetuses. 
After disruption to single cells, the cellularity was determined by counting nucleated cells (nc). 
' p 0.02. compared with wild-type mice; n 6 in each group. 



were observed in mice older than 3 months. Opportunis- 
tic bacteria (most commonly Staphyloccocus xylosus 
and Streptococcus viridans) have been recovered from 
skin cultures of these animals. When compared with 
histologic sections of another chronic ulcerative derma- 
titis occurring in C57BL76 mice (obtained from Dr. R. 
Bronson, School of Veterinary Medicine, Tufts Univer- 
sity), neutrophil numbers at the lesion sites of P/E 
mice were markedly reduced. The low number of neutro- 
phils in lesions was also reflected by the histology of 
draining lymph nodes. These showed only few small 
germinal centers interspersed with sheets of plasma 
cells and were devoid of macrophages and neutrophils, 
which normally occupy the interfollicular space of lymph 
nodes draining suppurative lesions. Such lymph nodes 
contrast with those of healthy-appearing P/E mice 
and may result from the impaired extravasation of neu- 
trophils. 

To establish a causal relationship between lesions and 
bacteria, a cohort of healthy-appearing double-mutant 
mice aged 5-7 weeks were given broad spectrum antibi- 
otics for 8 weeks. Control P/E littermates received 
regular water for the same period of time. While five 
of 12 control P/E 1 mice developed the skin infection 
(including one death), none of 11 prophylactically 
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Figure 5. Culture Assays of CFU in the Spleen 
Nucleated cells from spleens were isolated, and absolute numbers 
of CFU-GM and BFU-E were determined. CFU-GM and BFU-E were, 
respectively. 4.8-fold and 2.9-fold increased in P/E relative mice 
to wild-type mice. Double asterisks, p 0.003: number sign (#), 
p 0.03. 



treated littermates did. The high prevalence and the 
severity of this infection in mice deficient in both endo- 
thelial selectins, not observed in our colonies of mice 
lacking either P-selectin or E-selectin, suggest that dou- 
ble-deficient mice present some degree of immunodefi- 
ciency. 

Leukocyte Rolling in Inflamed Venules Is 
Severely Impaired in P- and E-Selectin 
Double-Deficient Mice 

To evaluate the role of P- and E-selectins in leukocyte 
rolling under inflammatory conditions, we treated mice 
with tumor necrosis factor u (TNFu) 3.5 hr prior to intravi- 
tal microscopy of mesenteric venules (Table 5). Although 
baseline rolling is virtually absent in P-selectin-deficient 
mice (Mayadas et al., 1993), many rolling leukocytes 
can be observed after stimulation with TNFu (Ley et ai., 
1995). However, the rolling flux was significantly lower 
in our analysis of P mice as compared with wild-type 
animals (p 0.001). The rolling in E mice after TNFu 
treatment was not reduced relative to wild type (data 
not shown). Double mutants showed a 46-fold reduction 
in rolling compared with wild-type mice (p < 0.001) and 
a 20-fold decrease relative to animals lacking P-selectin 
(p < 0.001), demonstrating that both P- and E-selectins 
contribute significantly to leukocyte rolling in inflamed 
venules. In P mice stimulated with TNFu, the affinity 
of leukocytes for inflamed venules seemed enhanced 
compared with wild-type controls, as shown by their 
lower velocity (p 0.02) and shape distortion, forming 
a uropod-like structure (Figure 7). In contrast, the veloc- 
ity of the rare rolling leukocytes seen in P/E mice was, 
on average, much greater than in animals of the other 
two genotypes (p • 0.001 ). The number of cells adherent 
to the venular wall, while similar in wild-type and 
P-selectin knockout mice, was lower in the double mu- 
tants (p < 0.001), indicating a major combined role for 
P- and E-selectins in arrest of leukocytes after TNFu 
stimulation. 



Table 4. Hematopoietic Cytokine Levels 



Cytokine 



Wild Type 



P/E 



IL-3 (pg/ml) 
GM-CSF (pg/ml) 



7.4 
0.4 



2.1 
0.2 



12.1 

1.2 



3.0 
1.1 



317 
2.1 



140 
0.8 



n 1 2 for wild type and P/E 
: p 0.05 versus wild type. 



8 for P/E 
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Figure 6. Ulcerative Dermatitis in P- and E-Selectin Double-Defi- 
cient Mice 

(A) Photograph showing the ulcerative dermatitis in the P/E mice 
(right) not found in wild-type animals (left). Gram stain of histologic 
section of wild-type (B) perinasal cutaneous tissue showing a normal 
epidermis and dermis compared with the ulcerated skin of P/E 
mice (C), whose epidermis is replaced by a serocellular crust con- 
taining large clusters of gram-positive cocci (arrowhead). The nor- 
mal structures of the skin such as hair follicles (arrow) are no longer 
recognizable. Bacterial cultures of the tissues of both mice (B and 
C) revealed S. xylosus organisms. Bar, 50 (im. 

Neutrophil Influx in Chemically Induced 
Peritonitis Is Compromised in Mice Lacking 
Both Endothelial Selectins 

P-selectin-deficient mice exhibit delayed extravasation 
of neutrophils to inflamed peritoneum compared with 
wild-type mice (Mayadas et al., 1993). This difference, 
maximal in the first 2 hr after inflammatory stimuli, nar- 
rows at the 4 hr timepoint, possibly owing to E-selectin 
expression. To investigate whether E-selectin plays a 
role in the recruitment of neutrophils to inflamed sites 

anrl tn Hptprminp th<=> rnop^rativA function nf thp» twn 

endothelial selectins in this activity, we intraperitoneal^ 
injected mice with thioglycollate. The rate of extravasa- 
tion of neutrophils in P/E ' mice paralleled that of P 



mice in the first 4 hr (Figure 8). However, at the 8 hr 
timepoint, double mutants exhibited a greater than 
5-fold reduction compared with wild-type mice (p < 
0.001) and a 2.5-fold reduction relative to P-selectin 
knockouts (p 0.02). The defect in neutrophil emigration 
occurred despite several times more circulating neutro- 
phils in the double mutants. These results are consistent 
with the inhibition of neutrophil recruitment by anti-P- 
selectin antibody in E-selectin null mice (Labow et al., 
1994). 

Discussion 

Deficiency in Both Endothelial Selectins 
Markedly Perturbs Leukocyte Homeostasis 

The elevation in most classes of peripheral blood leuko- 
cytes in the P/E mice (Table 1) is significantly greater 
than that reported in other strains of mice deficient in 
various vascular adhesion molecules (Mayadas et al., 
1993; Sligh et al., 1993; Arbones et al., 1994; Xu et al., 
1 994). Neutrophil numbers are elevated only 1 - to 4-fold 
in these singly deficient animals. In particular, mice defi- 
cient in individual selectins show mild neutrophilia in 
the case of P 1 mice (2.4-fold; Mayadas et al., 1 993) or 
no increase in the case of L ' (Arbones et al., 1994) 
or E 1 mice (our data). The 16-fold elevation in blood 
neutrophils in the P/E ' mice, first, indicates coopera- 
tive functions of the two endothelial selectins and, sec- 
ond, suggests that these two selectins play central roles 
in leukocyte homeostasis. 

The increased leukocyte numbers likely arise from 
several mechanisms (Figure 9). Some of the elevation 
presumably follows from elevated cytokine levels and 
subclinical infections (see below). However, the fact 
that overtly healthy animals show elevated neutrophil 
counts, and even newborn pups exhibit a 3.3-fold in- 
crease, suggests that some increase in neutrophils is a 
direct consequence of the absence of P- and E-selectins 
and is independent of bacterial infections. We have 
shown greatly reduced leukocyte rolling (Table 5) and 
extravasation (Figure 8) in the P/E ' mice and have 
reported previously that in P ' mice, in which rolling 
and extravasation are less severely compromised (Table 
5; Figure 8; Mayadas et al., 1993), there is an increase 
in neutrophil half-life (t 12 ) in the circulation (Johnson et 
al., 1 995). The P/E ; mice might, therefore, be expected 
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accompanying increase in numbers of circulating leuko- 
cytes. 

A function for P- and E-selectins in regulating the 



Table 5. Leukocyte Rolling on TNFu-Stimulated Venules 



Rolling Characteristics 


Wild Type 


P 




P/E 




Number rolling (per minute) 


18.4 


1.8 


8.0 


0 9 


0 4 


0.2 


Number adherent (per 1 00 [j m) 


6.7 


0.8 


5.7 


0 7 


1 1 


0.4 


Leukocyte velocities ( f im/s) 


8.2 


1.7 


2.7 


0 4 


25 9 


3.3' 1 


Shear rates (s ') 


492 


43 


516 


56 


561 


102 


Venular size (p m) 


31.1 


1.9 


33.7 


2 2 


32 1 


2.0 



Mice were prepared 3.5 hr after administration of TNF .. The number of rolling leukocytes was quantitated by counting the cells passing 
through a perpendicular plane in 1 min. Averages were obtained from ten counts for wild-type or P-selectin-deficient mice (P ) and from 
the entire filming period for P- and E-selectin double-deficient mice (P/E ). 
' n 3, owing to rare leukocyte rolling: elsewhere, n 6-7. 
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Figure /. Leukocyte Roihng in TNF -Stimu- 
lated Mesenteric Venules 
Mice were treated with TNF , 3.5 hr prior to 
intravital microscopy of the mesentery. Most 
leukocytes rolling in wild-type venules main- 
tained their round shape. Adherent leuko- 
cytes are indicated by arrowheads. The roll- 
ing velocity in P-selectin-deficient venules 
(P ) was reduced (see Table 5). with fre- 
quent formation of uropod-like structures 
(arrow) suggesting cellular activation. Leuko- 
cyte rolling was nearly absent, and the num- 
ber of adherent cells was markedly reduced, 
in P- and E-selectin double-deficient mice 
(P/E ). The blood flow is from top to bottom. 
Bar, 20 fl m. 



levels of leukocytes independent of infection or inflam- 
mation is unexpected. Both of these selectins have pre- 
viously been reported to be elevated only on activated 
endothelium. We report here that low levels of E-selectin 
mRNA can be detected in many tissues of healthy wild- 
type mice (Figure 3), adding further support to the argu- 
ment that E-selectin, together with P-selectin, plays an 
unsuspected role in normal homeostasis of leukocytes. 
Basal expression of endothelial selectins, either consti- 
tutive or in response to normal bacterial flora (or both), 
apparently is essential for maintaining normal leukocyte 
levels. 

Rolling and adherence of leukocytes in response to 
such basal expression, or at higher levels after infection 
or inflammation, is clearly dependent on the endothelial 
selectins, at least in mesenteric venules (Table 5). The 
reduced extravasation of neutrophils into the skin and 
the development of infectious ulcerative dermatitis in 
P/E mice (Figure 6) indicate that the same is true even 
in the small vessels of the skin, where shear rates are 
lower than in other vascular beds. It has been suggested 
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Figure 8. Peritoneal Neutrophil Influx after Thioglycollate Injection 
Peritoneal lavages were performed at intervals following thioglycol- 
late administration; total cell numbers were determined with a hemo- 
cytometer: and the percentage of neutrophils was obtained. Four 
to ten animals of each genotype were used per timepoint except 
for 0 hr (n 3). Asterisk, p < 0.001: number sign {#). p 0.02. 
compared with P/E 



that selectin-mediated rolling might not be necessary 
under conditions of low shear stress (Yamada et al., 
1 995). The phenotype of these mice shows that selectins 
are indeed necessary for effective rolling, adhesion, and 
extravasation and that their functions cannot be re- 
placed by integrins. Furthermore, our results show that 
L-selectin expressed on leukocytes cannot substitute 
for the endothelial selectins. Although L-selectin has 
been implicated in rolling (Ley et al., 1991; Arbones et 
al., 1994), an inducible hgand for L-selectin (unless it is 
one of the endothelial selectins, as suggested by Picker 
et al. [1991]) is not sufficient to mediate rolling after 
TNFu activation (Table 5) or for adequate extravasation 
in response to peritoneal inflammation (Figure 8) or bac- 
terial infection (Figure 6). L-selectin-deficient mice show 
no elevations in circulating leukocytes and are not sub- 
ject to spontaneous bacterial infections, although they 
do show deficiencies in leukocyte recruitment to in- 
duced inflammatory sites (Arbones et al., 1994). Taken 
together, the results on P/E and L mice suggest 
a primary role for endothelial selectins in response to 
infection and inflammation. In contrast, homing of lym- 
phocytes to peripheral lymph nodes is markedly de- 
pressed in L mice (Arbones et al., 1994), resulting m 
small nodes with few germinal centers, while the size 
and morphology of peripheral lymph nodes appear nor- 
mal in our P/E ' mice; L-selectin appears primary in 
this aspect of leukocyte traffic. The defect in leukocyte 
homeostasis in the P/E mice is as strong as that in 
LAD-1 patients lacking [32 integrins, indicating that roll- 
ing mediated by endothelial selectins is as important as 
adhesion mediated by (32 integrins. Perhaps leukocyte 
rolling on endothelial selectins contributes to the leuko- 
cyte activation necessary for adhesion. This idea gains 
some support from recent results showing a necessary 
role for P-selectin together with platelet-activating fac- 
tor in monocyte activation (Weyrich et al., 1995) and 
from the activated appearance of leukocytes rolling on 
E-selectin alone (Figure 7). 

Animals Deficient in Both P- and 
E-Selectins Are Susceptible to 
Opportunistic Skin Infections 

The central importance of P- and E-selectins acting to- 
gether is further underlined by the high prevalence of 
spontaneous bacterial dermatitis in mice lacking both 
(Figure 6). The prevention of this dermatitis by oral antibi- 
otics indicates that these life-threatening infections are 
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Figure ') Schema Illustrating Putative Path- 
ways Causing Alterations in Leukocyte Ho- 
meostasis in Mice Lacking Endothelial Se- 
lectins 

Absence of both endothelial selectins drasti- 
cally reduces rolling and extravasation of leu- 
kocytes This produces elevation of blood 
leukocyte numbers, probably as a conse- 
quence of increased half-life in the circulation 
and reduced numbers of tissue leukocytes. 
Cytokine levels rise, probably from a variety 
of causes: increased growth of endogenous 
bacterial flora, higher blood leukocyte levels 
releasing cytokines, and. possibly, feedback 
stimulation owing to the reduced numbers of 
" w ^- • — — — tissue leukocytes. The elevated cytokines 

cause increases and alterations in hematopoiesis. further elevating the blood leukocyte numbers. Despite the excessive numbers of leukocytes 
in blood, tissue leukocyte numbers remain low. and subclinical bacterial infections progress to become life threatening. 



^7 



not secondary to nonbacterial^ derived (i.e., autoim- 
mune) inflammation and are due to opportunistic infec- 
tions by normal bacterial flora. In other words, the ab- 
sence of endothelial selectins produces a state of 
immunodeficiency, reminiscent of LAD-1 and LAD-2. 
Such spontaneous infections have not been observed 
in other strains of mice deficient in vascular adhesion 
molecules, including mice lacking individual selectins 
(Mayadas et al., 1993; Arbones et al., 1994; Labow et 
al., 1994) or mice largely lacking \ } >2 integrins (Wilson et 
al., 1 993) or their ligand, intercellular adhesion molecule 
1 (Shgh et al., 1993; Xu et al., 1994). 

The development of spontaneous infections in the 
skin is likely a direct consequence of the markedly re- 
duced leukocyte rolling and extravasation in the P/E 
mice (Figures 6 and 8). This presumably leads to reduced 
numbers of tissue leukocytes, which would normally 
block progression of these infections (Figure 9). Clearly, 
either P- or E-selectin is sufficient to preclude clinical 
infection, while L-selectin acting alone is not, and neither 
are [52 integrins, with or without cooperating [j1 inte- 
grins. These results suggest that absence of ligands for 
endothelial selectins is likely the major contributor to 
the infectious aspects of the LAD-2 syndrome. They also 
raise concerns about the possible side effects of long 
term use of anti-inflammatory drugs that target both 
endothelial selectins. The further elevation of circulating 
leukocytes in the infected mice resembles that seen in 
both LAD syndromes during infectious episodes and 
presumably reflects elevated granulopoiesis in re- 
sponse to elevated cytokine levels induced by the devel- 
oping bacterial infection (Figure 9). 

Absence of Endothelial Selectins Causes 
Alterations in Hematopoiesis 

Both myeloid precursors and hematopoietic cytokines 
were significantly elevated in overtly healthy P/E mice 
(T ables 2-4). The elevation of cytokine levels could arise 
from several causes (Figure 9). Elevated numbers of 
circulating leukocytes could themselves release higher 
levels of cytokines than normal. Alternatively, reduction 
in tissue leukocytes could trigger a positive feedback 
loop, inducing enhanced granulopoiesis. Such positive 
feedback loops have been invoked for other hematopoi- 
etic lineages (Schooley and Mahlmann, 1972; Odell et 
al., 1979; Bartocci et al., 1987). 



Since CFU-GM and BFU-E are not elevated in fetal 
liver, it appears that most or all of the alterations in 
hematopoiesis arise postnatally, perhaps in response 
to subclinical bacterial infections (Figure 9). In support 
of this possibility, circulating leukocytes are even further 
increased in animals showing obvious signs of infection. 
The bone marrow exhibits a major increase in cells of the 
myeloid lineage, although not in the earliest precursors, 
CFU-GM and myeloblasts (Tables 2 and 3; Figures 4 and 
5), whereas the erythroid lineage is underrepresented 
(Table 2). It has been reported previously that erythropoi- 
esis is elevated in the spleen and elsewhere when myelo- 
poiesis in the bone marrow is enhanced (Molineux et 
al., 1990). Such is the case in the P/E mice, which 
show elevated BFU-E in the spleen and EMH in the 
liver. CFU-GM were also elevated in the spleen. Thus, 
a plausible explanation for the altered patterns of hema- 
topoiesis is that elevation of cytokines leads to en- 
hanced granulocytopoiesis in the bone marrow and 
spleen and to displacement of erythropoiesis to the 
spleen and liver (Figure 9). 

However, it is also possible that the endothelial selec- 
tins participate directly in homing, proliferation, or differ- 
entiation of hematopoietic cells. Primitive hematopoietic 
progenitors have been reported to bind P-selectin and 
to express P-selectin glycoprotein ligand-1 (PSGL-1) 
(Zannettino et al., 1995). Since PSGL-1 is a signaling 
molecule regulating cytokine production in monocytes 
(Weyrich et al., 1995) and is a common ligand for both 
P- and E-selectins (Asa et al., 1 995), it might have a role 
in regulation of hematopoietic cell functions. Notably, 
Banu et al. (1995, Blood 86, abstract) recently reported 
increased numbers of IL-3-responsive megakaryocyte 
progenitors in the bone marrow of P mice compared 
with wild-type controls, suggesting the possibility of 
negative regulation of hematopoietic progenitors by in- 
teractions between selectins and their ligands. It is also 
worth noting that we detect significant levels of E-selec- 
tin mRNA in bone marrow of normal wild-type mice (Fig- 
ure 3). The alterations in hematopoiesis in mice lacking 
endothelial selectins may therefore originate from sev- 
eral mechanisms leading to either a primary orasecond- 
ary dysregulation of hematopoiesis. 

Altered hematopoiesis has not been reported in 
mice deficient in other vascular adhesion receptors. In- 
deed, the rather modest elevations in circulating cells 
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have not prompted such investigations. However, more 
subtle defects in distributions and development of he- 
matopoietic precursors might well be revealed by further 
analyses of those mice, and given our results radical 
alterations in hematopoiesis are to be expected in LAD 
patients. 

In conclusion, the phenotypic alterations in mice defi- 
cient in both endothelial selectins reveal unanticipated 
functions of these receptors. They play complementary 
roles in the regulation of several aspects of leukocyte 
dynamics even in the absence of obvious infection, in- 
flammation, or vascular injury and even more so when 
these occur. Absence of these two selectins is not com- 
pensated by the continued presence of L-selectin or 
other adhesion receptors and leads to the early death 
of the deficient mice. It appears that their functions are 
as crucial as those of \i2 integrins and, indeed, are es- 
sential for effective action of the integrin class of recep- 
tors in leukocyte adhesion. 

Experimental Procedures 

Construction of E-Selectin Targeting Vector 

Amplified a phage libraries made from the 129/Sv mouse strain 
(gift from Drs. H. Wu and R. Jaenisch, Massachusetts Institute of 
Technology; Stratagene) were screened with a 289 bp PCR product 
from the lectin domain of mouse E-selectin. The genomic clones 
were subcloned into pBluescript (Stratagene). The Xhol-Clal PGK- 
hyg' cassette (Xhol blunted) was inserted between the 3.2 kb Nsil- 
BamHI (BamHI blunted) and 3.9 kb Nsil-Smal genomic sequences. 
The resulting 9.1 kb fragment was inserted between two HSVtk 
cassettes (see Figure 1 A). The final 1 7.5 kb construct was linearized 
with Notl for transfection. 

Cell Culture, Transfection, and Selection 

D3 ES cells, clone 32, heterozygous for a P-selectin null mutation 
were cultured on mitotically inactivated mouse embryonic fibro- 
blasts (MIMEF) in standard ES cell medium (Mayadas et al., 1993). 
ES cells were electroporated (240 V, 500 fiF) with 25 ^g of linearized 
DNA construct and plated on STO feeder cells (Sawai et al.. 1991) 
resistant to hygromycin B in ES cell medium with increased LIF 
(2 ■ 10 : ' U/ml). Hygromycin B (150 jig/ml) was added 24 hr post- 
transfection. Clones were picked from days 6 to 9 and grown without 
selection drugs on MIMEF. 

Southern Blot Analysis to Identify Targeted Clones 

Genomic DNA was isolated from ES cells (Mayadas et al., 1 993) and 
digested with Sacl, and fragments were separated on a 1 % agarose 
gel. The DNA was transferred to nylon membrane (Zeta-Probe). A 
600 bp Mscl-BamHI genomic fragment upstream to the targeting 
construct was used as a probe. Blots were prehybridized and hybrid- 
ized in 0.75 M sodium phosphate (pH 7.0). 1 mM EDTA, 7% SDS, 
1 % bovine serum albumin (BSA), 100 ^g/ml salmon sperm DNA at 
65 C for 1 2-1 8 hr. Filters were then washed twice in 50 mM sodium 
phosphate, 1 % SDS. 1 mM EDTA, 0.5% BSA and twice in the same 
solution without BSA at 65 C. DNA from positive clones was probed 
with hyg r to ensure a single integration of the targeting vector. The 
integrity of the previous P-selectin mutation was assessed by ana- 
lyzing BamHI genomic digests (Mayadas et al., 1993). 

Generation of Chimeric Mice and 
Genotyping of Progeny 

Chimeric animals were prepared as described previously (Mayadas 
et al.. 1993), and genomic DNA of F1 generation was analyzed by 
hybridizing sequentially Southern blots of BamHI digests with the 
E-selectin, P-selectin, hyg', and neomycin probes as described 
above. Genotyping of subsequent generations was performed by 
PCR assays for P-selectin, E-selectin, or both. The P-selectin assay 
used forward primers from exon 3 of murine P-selectin (5 -TTG TAA 
ATC AGA AGG AAG TGG-3 ) and from the PGK promoter of the neo 



cassette (5 -CAC GAG ACT AGT GAG ACG TG-3 ) with a reverse 
primer (5 -AGA GTT ACT CTT GAT GTA GAT CTC C-3 ). yielding 
322 bp wild-type or 479 bp mutant fragments (or both). The PCR 
assay for E-selectin used the same PGK forward primer with a 
forward primer from the lectin domain of mouse E-selectin (5 -GGA 
CTG TGT AGA GAT TTA CAT CC-3 } and a reverse primer from the 
EGF domain (5 -GCA GGT GTA ACT ATT GAT GGT-3 ) producing 
a 664 bp wild-type or 315 bp mutant fragments (or both). PCR 
conditions were 40 cycles of 94 C for 1 mm, 60 C for 2 mm, and 
72 C for 3 mm. 

Northern Blot and RT-PCR Analysis 

Mice were treated with LPS from Escherichia coli 055:B5 (Difco) at 
20 (ag per gram of body weight 4 hr prior to harvesting the lungs 
and hearts for total RNA extraction (RNA Stat-60, Tel-test "B"). We 
electrophoresed 30 M .g of total RNA on a 1.2°o agarose gel con- 
taining 0.66 M formaldehyde. After RNA transfer to nylon membrane, 
E-selectin transcript was detected with an EcoRI-Sphl 1.3 kb rat 
E-selectm cDNA fragment (Fries et al., 1993) provided by Dr. T. 
Collins (Brigham and Women's Hospital, Boston, MA). Prehybndiza- 
tion and hybridization conditions were as described above, except 
that the washing temperature was 45 C. Detection of P-selectin 
mRNA was performed with a 1 .7 kb fragment of the 3 end of mouse 
P-selectin cDNA (base pairs 1 406-3075), a gift from Dr. D. Vestweber 
(Max-Planck Institut fur Immunobiologie, Freiburg, FRG; Weller et 
al., 1992). For RT-PCR assays, first strand cDNA conversion of 3-5 
|ig of total RNA used MoMLV reverse transcriptase (GIBCO) and 
oligo(dT) as primer. One tenth of the reaction volume served as 
template for standard PCR with oligonucleotides from the second 
complement repeat (5 -AAA TCC TGG GAG CTA CCC-3 ) and the 
transmembrane domain (5 -CAG GAG TGA GGT TCC TGC-3 ) of 
E-selectin. 

Immunofluorescence Staining, Flow Cytometry, 
and ELISA 

Cardiac tissues were snap frozen. Cryostat sections (5 f xm) were 
fixed in 3.7% (v/v) formaldehyde and permeabilized in 0.5% Triton 
X-100 in phosphate-buffered saline (PBS). Tissue sections were 
incubated for 30 min with rat polyclonal antibody to mouse E-selec- 
tin (provided by Dr. B. Wolitsky of Hoffmann-La Roche) 1:100, fol- 
lowed by a 30 min incubation at 37 C with fluorescein-conjugated 
goat antibody to rat IgG (Cappel) 1 :1 00. Leukocytes in whole blood 
were stained for flow cytometry for 30 min at room temperature with 
fluorescein-conjugated rat monoclonal antibody to L-selectin (MEL- 
14; Pharmingen) 1 50 and phycoerythrin-conjugated rat monoclonal 
antibody to the mouse ( * M subunit (Boehringer-Mannheim) 1:50 or 
phycoerythrin-conjugated rat monoclonal antibody to mouse my- 
eloid differentiation antigen (Gr-1) 1:50. Analysis of 150,000 events 
was performed on FACSCAN flow cytometer (Becton-Dickinson). 
Enzyme-linked immunosorbent assays (ELISAs) for IL-3 and GM- 
CSF were performed as suggested by the manufacturer (Endogen). 

Blood Counts, Bone Marrow Analysis, Histology, and 
Antibiotic Administration 

Blood was obtained by retro-orbital venous plexus sampling in poly- 
propylene tubes containing EDTA. Blood from neonatal mice was 
harvested by severing the jugular vein with fine scissors and was 
collected as above using heparin-coated capillary tubes. Complete 
blood counts were determined using an automatic cell counter 
(Coulter) and differential counts on Wright-stained smears (Harleco). 
Reticulocyte counts were obtained by staining blood for 10 min 
using a 1 :1 dilution of 5 g/l methylene blue solution. The percent of 
reticulocytes was assessed by counting 1000 erythrocytes from 
smears. Femoral bone marrows were flushed with 50 ( i I of PBS with 
10 mM EDTA, and smears from the cell suspension were made. 
Formalin-fixed tissues were paraffin embedded, sectioned, and 
stained with hematoxylin-eosin. To prevent the occurrence of bacte- 
rial dermatitis, mice were treated orally with trimethoprim (24 mg/ 
dl) and sulfamethoxazole (120 mg/dl) in water for 8 weeks. 

Hematopoietic Colony Formation Assays 

Femurs were dissected and washed in sterile cold Hanks' balanced 
salt solution (HBSS). Both ends were trimmed, and the marrow plug 
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was aseptically flushed with 1 ml of minimum essential medium 
(MEMi.) containing 2% FBS, 100 U/ml penicillin, and 100 |ig/ml 
streptomycin (MEM complete medium), using a 21 gauge needle. 
A single cell suspension was obtained by gently aspirating several 
times with the same needle and syringe. Spleens were removed and 
washed in HBSS. and cells were extracted through a stainless steel 
grid. Cells from both organs were added at a 1:10 <v/v) ratio in 
Methocult GF M3434 (Stemcell Technologies). Bone marrow and 
spleen cells were plated at a density of 1 .5 10 : or 1 10' cells 
per dish, respectively, in duplicate assays. For fetal hematopoietic 
progenitors, 1 4.5-day-old livers from wild-type and P/E mice were 
disrupted to single cells by passing through 18, 21. and 26 gauge 
needles. Cells were washed in MEM complete medium, and 5 10 J 
cells were plated per dish. 

Analysis of Leukocyte Rolling by 
Intravital Microscopy 

Mice were treated with murine TNFu (Genzyme), 0.5 |j.g in 500 fil of 
PBS, intraperitoneal^. The mesentery was prepared (Johnson et 
al., 1995), and venules 28-40 pm in size were recorded for 20 min. 
Centerline erythrocyte velocity (V rt; , ) was measured using an optical 
Doppler velocimeter (Microcirculation Research Institute, Texas 
A & M College of Medicine, TX). Venular shear rate (t) was calculated 
based on Poiseuille's Law for a Newtonian fluid: r 8(V„„, ir /D,), 
where D, is the diameter of the venule and V rrfMr , is estimated from 
the measured using the empirical correlation V. (>ir V. tl /1.6 
(Baker and Wayland, 1974). The number of rolling leukocytes per 
minute was determined by taking five counts of 1 min in the first 10 
min of filming and a second set of five counts during the latter half 
of recording. The velocity of leukocyte rolling was determined by 
measuring, field by field, the distance traveled in a given time by 
20 consecutive leukocytes. Cells were considered adherent if they 
remained stationary for >30 s and were counted over a venular 
segment of 100 |j.m. 

Thioglycollate-lnduced Peritonitis 

Mice were injected intraperitoneal^ with 1 ml of 2.95% thioglycollate 
(Sigma), and peritoneal lavages and leukocyte determinations were 
performed as previously described (Mayadas et al., 1993). 

Statistical Analysis 

Data are presented as mean SEM. Statistical significance was 
assessed by Student's t test. 
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Blood Cell Dynamics in P-Selectin - Deficient Mice 



By Robert C. Johnson, Tanya N. Mayadas, Paul S. Frenette, Reina E. Mebius, Meera Subramaniam, Ann Lacasce, 

Richard 0. Hynes, and Denisa D. Wagner 



P-selectin is expressed on the surfaces of activated platelets 
and endothelium where it mediates binding to leukocytes. 
P-selectin -deficient mice were shown to exhibit peripheral 
neutrophilia {Mayadas eta/: Celt 74:541, 1993). We now show 
that this is not caused by changes in bone marrow precur- 
sors nor by a lack of neutrophil margination. Both P-selec- 
tin-positive and -negative animals displayed similar in- 
creases in peripheral blood neutrophil numbers after 
injection of epinephrine. However, clearance of "Chromium- 
labeled neutrophils is delayed in mice deficient for P-selectin, 
indicating that the neutrophilia is at least in part the result 
of delayed removal. We detected no obvious alterations in 
lymphocyte differentiation, distribution, or adhesion to high 
endothelial venules in peripheral lymph nodes. Through in- 
travital microscopy, we examined the impact of P-selectin 



deficiency on leukocyte/endothelial interaction beyond the 
initial stages of inflammation. Four hours after the adminis- 
tration of an inflammatory irritant, leukocyte rolling was ob- 
served even in the absence of P-selectin. There were signifi- 
cantly fewer rolling cells relative to wild-type mice, and their 
velocity was reduced. Moreover, in the peritonitis model, 
the number of peritoneal macrophages in wild-type mice 
increased threefold at 48 hours, whereas the macrophages 
in the mutant mice remained near baseline levels. Thus, 
whereas P-selectin is known to be involved in early stages 
of an inflammatory response, our results indicate that it is 
additionally responsible for leukocyte rolling and macro- 
phage recruitment in more prolonged tissue injury. 
C 1995 by The American Society of Hematology. 



THE SELECTIN FAMILY of vascular adhesion recep- 
tors mediates the early steps in leukocyte adhesion to 
endothelium and platelets. 1 3 Adhesion is mediated by the 
selectins* lectin domain and a specific carbohydrate moiety 
that is part of the ligand molecule L-selectin, present on 
leukocytes, mediates lymphocyte homing to peripheral 
lymph nodes, and together with the endothelial selectins P- 
and E-selectin, is involved in leukocyte extravasation at sites 
of inflammation. The roles of the individual selectins in leu- 
kocyte extravasation are unclear. In some situations their 
functions may be overlapping. 4 P-selectin, which was first 
identified in platelets, 56 is constitutively present in storage 
granules of platelets and also of endothelial cells. 7 10 It is 
thought to be involved in acute responses as the contents of 
the alpha-granules of platelets and the Weibel-Palade bodies 
of endothelial cells can be rapidly released upon cellular 
activation. E-selectin in contrast is thought to be involved 
only in later stages of inflammation as its expression is in- 
duced by de novo syntheses stimulated by inflammatory cy- 
tokines." Recently, the synthesis of P-selectin was also 
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shown to be upregulated by cytokines 12 n and in addition, 
after surface expression on the endothelial cells. P-selectin 
can return to nascent Weibel-Palade bodies and it may be 
reexported to the cell surface. 14 Therefore, a role for P-selec- 
tin in more chronic processes cannot be excluded. 

To evaluate the role of P-selectin in homeostasis and dis- 
ease, we prepared an animal model lacking P-selectin by 
gene-targeting technology. 1 ^ In this model we have estab- 
lished the expected role of P-selectin in acute injury and early 
inflammation. The P-selectin -deficient mice have twofold to 
threefold elevated peripheral neutrophil counts in compari- 
son to wild-type mice. 1 "" 1 This observation remains unex- 
plained because detailed analysis of bone marrow (BM) pre- 
cursor cells was not performed nor was the clearance of 
circulating neutrophils examined. Therefore, we decided to 
further study the blood cell dynamics in the P-selectin-defi- 
cient mice and we report here that neutrophil clearance is 
reduced in the mutant mice. 

Although exteriorization of the mesentery induces rolling 
of leukocytes on the endothelium of wild-type venules, no 
rolling leukocytes are seen in the mesentery of the P-selec- 
tin-deficient mice. 1 " 1 This shows that P-selectin is indispens- 
able in mediating leukocyte rolling in the otherwise unstimu- 
lated blood vessels. Leukocyte rolling is thought to be the 
first required step in leukocyte recruitment to sites of in- 
flammation. 1 1(1 lfs Indeed, early after induction of an inflam- 
matory respond iiiiwugh injection of th:og!yco!!ate in*n th ( * 
peritoneum of the P-selectin -deficient animals, there is very 
little neutrophil recruitment into the peritoneum in compari- 
son with that seen in wild-type animals. In contrast, four 
hours after the thioglycollate injection, the rate of neutrophil 
recruitment in the knock-out animals is comparable with that 
in the wild type. 1 " One of the questions we address in the 
current study is whether, at this later time when neutrophils 
appear to extravasate normally, the rolling of leukocytes is 
also restored in the P-selectin-defieient mesentery. 

Finally, in our initial characterization of the P-selectin- 
deficient animals. 1 ^ we have examined only recruitment of 
neutrophils early after the onset of inflammation. Although 
neutrophils are responsible for fighting infection during the 
early stages of the inflammatory response, if the initial insult 
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is arrested, the nil i Urate becomes primarily mononuclear in 
nature. In this report, we examine whether P select in also 
plays a role in ihe recruit men t of monocytes/macrophages 
in these later stages of the inflammatory response. 

MATERIALS AND METHODS 

Animals 

Mice were maintained and bred in a conventional animal facility 
at Center tor Cancer Research. Massachusetts Institute of Technol- 
ogy or Tufts-New Fngland Medical Center or Center tor Blood 
Research. Harvard Medical School. Animals were housed in accor- 
da nee with the provisions of the Guide for the Care and Use of 
Laboratory Animals. All experimental procedures performed on ani- 
mals were reviewed and approved by the Animal Care and Use 
Committees of Tufts-New Fngland Medical Center. Boston. MA 
and Center for Blood Research. Boston. MA. These institutions are 
accredited b> the American Association for Accreditation of Labora- 
tory Animal Care. 

Hloodfl issue Colled ion and Staining 

Blood was collected from retro-orbital venous plexus sampling. 
The hematocrit was measured with an autocrit centrifuge (Clay Ad- 
ams. Parsippanv. NJ). Reticulocytes were stained for 10 minutes 
with methylene blue using a 1 : 1 dilution of blood with a 5 g/L stock 
solution. Smears were made and the number of reticulocyte was 
assessed by counting 1.000 red blood cells (RBCs). Spleens from 
12 wild-type and 13 P-seleclm deficient mice were collected, fixed 
in formalin, and paraffin embedded. Sections were stained for iron 
based on the Prussian Blue reaction according to manufacturer's 
instructions (Sigma. St Louis. MO). 

Flow Cytometry 

Leukocytes in whole blood were stained for I hour on ice with 
direct fluorescent conjugates diluted 1:50 for Mac-1 (Boehringer- 
Mannheim. Indianapolis. IN). CD4. CDS. IgM. and natural killer 
(NK) cells (NK1 . 1 ) were f rom Pharmingen. San Diego. CA. Erythro- 
cytes were lysed by adding nine volumes of ly sing solution (Becton 
Dickinson. San Jose. CA ) diluted 1:10. The cells were washed w ith 
phosphate-buffered saline (PBS) after 10 minutes incubation at room 
temperature. Leukocyte subsets were analyzed on a FACSTAR Plus 
flow cytometer (Becton Dickinson). Gate was set to include all 
leukocyte subsets. The values lor IgM-positive cells were lower 
than expected for normal mouse. This is possibly caused by the 
formaldehyde present in the lysis solution. Cells from organs (thy- 
mus, spleen, lymph node) were stained as above after collection by 
compressing tissue through 60 //m wire mesh and washing with ice- 
cold PBS with 0.2' ^ bovine serum albumin (BSA>. All negative 
controls were stained with conjugated rat-antimouse igCi. 

Demargination 

To examine the effect of P-selectin deficiency on the marginatum 
of neutrophils, blood samples were taken from wild -type and mutant 
mice 24 hours before intraperitoneal injection of 0.25 mg/kg epi- 
nephrine i BIO/DATA. Horsham. PA). To avoid effects on blood 
pressure, anesthesia was avoided and blood samples were taken via 
tail \ein 3s minutes after injection of epinephrine. Total white blood 
cells in preepinephrine and postepinephrine blood samples were de- 
termined hv Coulter counter and dif ferential counts were determined 
on YVrighi-Ciienisa -stained smears. 

Scittmphil Clearanc e 

Human blood was collected in one-tenth volume of 3.X r r citrate. 
0.15 mol/L NaCl and sedimented (lc> in I r < final concentration 



Dextran ( molecular weight. 1 OO.OOOi for 30 minutes at room temper- 
ature. The supernatant was washed twice with PBS. resuspended lo 
the original volume and layered o\er Ficoll-Hv paquc (Pharmacia. 
Piseatawas. NJ > then centrituged al 400 e for 30 minutes Mononu- 
clear cells al the interface were careful i\ ienio\L-d and discarded and 
the pellet was washed twice. The remaining RBCs were Used b> 
brief exposure to hypotonic solution and made isotonic by addition 
of excess PBS. The neutrophils ( -°5'r ) were assessed by staining 
with Wright-Giemsa (Baxter. Olendale. CA) and were u 5' y viable 
by trypan blue exclusion. The cells were then labeled with ^ Chro- 
mium for 20 minutes at 37'C. Mice were injected via the tail vein 
with 2 x 10'' neutrophils. 

In Vitro Lymphocyte Binding Assay 

Lymphocyte adherence to high endothelial venules (HLVs) in 
vitro was assayed by the method of Butcher et al. 1 '' a modification of 
the assay originally described by Stamper and Woodruff. " Unfixed 
fro/en sections (5 fjm) of peripheral and mesenteric lymph nodes 
of wild-tvpe and P-selectin -deficient mice were overlay ed with 1 
x 10 fl lymphocytes/ 1 00 and incubated at 4 C. Ly mphocy tes were 
derived from peripheral and mesenteric lymph nodes of female 
C57BL/KA-Thy 1. 1 mice. During this assay, lymph node sections 
were rotated for 30 minutes. Upon completion of the assay, unbound 
cells were decanted, and sections were fixed in PBS containing 
2.5°f glutraldehyde for 1 hour. Cell binding to HLV was assessed 
microscopically under dark held illumination and the mean number 
of bound cells per HHV w as determined. 

lmmnnohistochemistry 

Cryostat sections of lymph nodes (5-/jm thickness) were allowed 
to dry for 15 minutes before fixation in acetone (2 minutes) after 
which they air dried for another 15 minutes. The sections were 
incubated with various rat-antimouse antibodies at saturating con- 
centrations in PBS containing 0. \ ( /< BSA (PBS/BSA) tor 45 minutes. 
After washing thoroughly in PBS. sections were incubated for 30 
minutes with 1:150 dilution of peroxidase-conjugated goat-antirat 
IgG/IgM (Jackson Immunoresearch. San Francisco. CA) in PBS/ 
BSA containing 5 r r norma! mouse serum. After washing in PBS. 
the peroxidase activity was detected with 3-amino-^-ethyicarbo/ole 
(AHC. Biomeda. Foster City. CA). 

Neutrophil/Platelet Rosetting Assay 

Blood from wild-type and mutant mice was collected in FDTA 
and platelets were collected by filtering platelet-rich plasma through 
a Sepharose 2B (Pharmacia. Piscataway. NJ ) column equilibrated 
with 25 mmol/L PIPFS. 137 mmol/L NaCl. 4 mmol/L KCI and i).\ <! , 
wi/vol glucose at pH o.X. For roselting. platelets were activated 
with 'V!5 U/m! thrombin for 10 minutes at room temperature. The 
neutrophils were collected as described above for human blood from 
pooled mouse blood from both wild-type ( 25 mice/experiment) 
and mutant mice ( >20 mice/experiment). However, the supernatant 
after RBC sedimentation was layered over iynipholylc M (d. 1.0X7) 
(Cedar Lane Labs. Hornby Ont. Canada) and centrituged for 30 
minutes at I.OOOe. Twenty microliters of platelets at lOVmL were 
mixed with 20 ^/L neutrophils at 2 ■ 10" /ml. and incubated for 20 
minutes before observation. A neutrophil wa> considered positive 
for rosetting when there were two or more bound platelets on the 
surface. 

Thioglycollate-Induced Peritonitis 

For experimentally induced chronic peritonitis, mice were injected 
with 1 mf thioglycollate (Sigma) made according to manufacturer's 
instructions. After 24 and 48 hours, blood samples were taken, mice 
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were killed and Mi ml PBS omiKiiiiiiil: u. I ' . H S \. n5 inmoll. 
i IH V jikI (Ml ml heparin uck' iwcd t»> Liv.ilv the pei in meum 
I otal a'lK ui'iv li.uu i laical hv ('miller ouinlet and ^ v tospin prepaia 
Hons ol t ho eclK WiTi' xUined with \\ I l^hl-C iiem^i and differential! v 
counted. I t u cv tuspm preparations, 2 on v c I K were counted indepen 
denilv icoJclI s)kics)h> two inv estimators i 400 total) Similar)). 1 1 Ht 
cclK were counted mdcpciuieiHlv < 2oo niLtli tor blood miicuiv 

l or accurate quantitation ot resident macrophaLVs ( unstimulated i. 
peritoneal lavage was pertormcd on untreated nnee and cvtospm 
samples were stained with a monoclonal antihodv. 14 SO. specific 
tor monocv te/macropha^es. secondarilv labeled with hiolin\lated 
aril i mouse antihodv followed h> strcptav idm-pero\idase conjugate 
and appropriate chromogen reaction according to manufacturer's 
instructions (Vector. Burlingamc. C'A). The slides were counter- 
stained with hematoxylin and differential counN were performed and 
the total number ot resident macrophage^ was calculated. 

Intravital Microscopy 

Mice were given 1 ml. thiogl v col late .V5 hours before surgetv. 
then anesthetized with 2.5' < tribromoethanol 0.15 mL/IO gm and 
the mesentery was e\tenori/ed through an abdominal incision. A 
25 - to 35- /j in \ enule was video-recorded using a Zeiss 1M35 inverted 
microscope (objective ■ 32. 0.4 numerical aperture) connected to a 
SVHS video recorder (Panasonic. Tok\o. Japan) using a CCD video 
camera (Mamamatsu Photonic Systems. 'lokvo. Japan). Pxposed tis- 
sue was periodically moistened with PBS warmed to 37 C\ Venules 
were filmed for 30 minutes and the average number of rolling leuko- 
cytes determined by taking a minimum of S one-mi rune counts. 
Velocity was determined by the time required for a leukocyte to 
travel a defined distance i^in) along the vessel. A minimum of 10 
measurements were taken for wild-ty pe animals and eight measure- 
ments for P-selectm-deticient mice w ith the exception of one mutant 
animal where only one measurement could be obtained. For baseline 
(without stimulation) velocity measurements from wild-type mice, 
eight measurements were taken. Leukocy tes that remained stationary 
for 30 seconds or more were considered adherent. 

RESULTS 

Characterization and Distribution of Blood Cells in the P- 
ScU'( tin - Deficient Animals 

BM. Smears were made of BM from wild -type and P- 
seleetin -deficient mice and erythroid and myeloid preeur- 



Table 1. BM Differential Count 



Wild Type 
i r- 


(",. ■ SDt 

6! 


Mutant < 


'o ■ SD.i 
6 j 


Myeloblasts 


0.9 


0.4 


0.8 


0.2 


Promyelocytes 


2.3 


0.4 


2.1 


0.7 


Myelocytes 


4.6 


0.7 


3.1 


0.6 


Metamyelocytes 


4.3 


0.8 


3.7 


0.8 


Bands 


U.8 


0.6 


15.4 


2.3 


Neutrophi Is 


32.5 


2.1 


35.5 


2.0 


Monocytes 


0.1 


0.1 


0.3 


0.2 


Lymphocytes 


8.6 


1.3 


6.1 


0.8 


Plasma cells 


0.2 


0.1 


0.1 


O.i 


Pronormoblasts 


0.2 


0.1 


0.3 


0.3 


Basophilic normoblasts 


5.8 


1.5 


3.5 


0.9 


Polychromatophiltc normoblasts 


24 9 


3.4 


29.0 


2.3 


Orthochromic normoblasts 


0.3 


0.2 


0.4 


0.3 


Myeloid. erythroid ratio 


1.9 


0.2 


1.9 


0.2 



Comparison of BM precursors in wild-type and P-selecttn- deficient 
mice. Marrow was collected from the femur, smeared onto glass 
slides and stained in separate steps with Wright's and Giemsa. 
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Table 2 Cytofluorimetric Analysis of Leukocyte Subsets 



Ur-L)ir-. 




wiM 7 




Mutant 




Blood 


CD4 


18.2 


■ 2.5 


14.9 - 


2.0 




CD8 


8.0 


■ 1.4 


6.9 ■ 


1.7 




Mac 1 


23. 1 


• 6.9 


51.7 : 


3.3 




IgM 


5.6 


■ 3.1 


5.2 - 


3.5 




NK 


6. 1 


- 1 .3 


5.6 * 


0.7 


Lymph node 


CD4 


51.9 


- 5. 1 


48. 1 - 


4.5 




CD8 


30.7 


• 1 .9 


31.1 : 


1 .0 




CD3 


76.1 


■ 5.3 


71.5 - 


2.6 




IgM 


12.5 


• 4.7 


13.2 - 


4.4 


Spleen 


CD4 


17.5 


■ 1.2 


18.2 


1.3 




CD8 


9.4 


■ 0.8 


7.1 * 


2.2 




Mac 1 


15.6 


• 3.3 


18.3 - 


6.7 




IgM 


46.7 


■ 9.0 


38.0 z 


5.8 


Thym us 


CD4 


90.3 


- 2.6 


91.9 - 


2.2 




CD8 


80.1 


■ 1.1 


79.0 - 


3.7 




CD4.CD8 


78.5 


■ 0.7 


78.9 - 


6.6 




CD3 


7.7 


• 0.6 


7.9 • 


0.7 




Thy 1.2 


92.6 


2.3 


97.5 *; 


1.6 



Cells were stained for the indicated antigens using fluorescent-con- 
jugated antimouse antibodies. Data include the mean * SEM from 
three separate experiments and are presented as percent of total dis- 
playing positive fluorescence. All the percentages in the wild-type 
mice conform to reference values except for that of the IgM-positive 
cells in the blood, which is lower (see Materials and Methods'. 

sots were differentially quantitated (Table 1). The myeloid 
to erythroid ratio was 1.9 r 0.2 for both strains of mice and 
there were no distinctive differences in lineage differentia- 
tion. Megakaryocyte numbers appeared somewhat higher in 
mutant marrow smears. Further comparison of megakaryo- 
cyte numbers by How cytometry using von Willebrand factor 
as a marker showed that the difference (wild type. 0.35 l 7< r 
.060/ ; mutant. 0.449; ± XWA . where n - 10) was not statisti- 
cally significant (I } -- .297). 

Blood cells. Leukocytes from wild- type or P-selectin - 
delicient mice were collected and labeled for markers indi- 
cated in Table 2. Comparable cell counts were obtained from 
the spleen, lymph nodes, and thymus from both types of 
mice. No significant differences were observed between 
wild-type and P-selectin-deticient mice tor the markers se- 
lected with the exception of Mac- 1 -positive cells in the 
blood where the difference re Meets the higher numbers of 
neutrophils in the mice lacking P-selectin. 

We have also continued that P-se lectin is the major ligand 
for neutrophil binding to the activated platelets. 21 :: Resting 
or activated platelets from wild-type mice and mice deficient 
for P-se lectin were incubated w ith neutrophils isolated either 
from wild-type or mutant mice. Normal mouse platelets acti- 
vated with thrombin efticiently bound the neutrophils, 
whereas platelets collected from mice deficient for P-selectin 
tailed to rosette w ith neutrophils from either strain. Resting 
platelets from both genotvpes likewise failed to bind signifi- 
cant^ to the neutrophils (not shown). 

Venules in the lymph nodes are known to express P 
selcctin. Therefore, we examined adhesion of wild-type 
mouse lymphocytes to high endothelial venules in lymph 
node sections obtained from wild-type and P-selectin -deh- 
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cient mice. The binding of Ivmphocv tes to high endothelial 
venules in peripheral and mesenteric Ivmph nodes ot homo- 
/\i!DUN mutant mice was comparable with the binding to 
wikl-tvpe nodes ('['able 3). Staining ot peripheral lymph 
nodes rising monoclonal antibody MHCA-325. and ot mes- 
enteric lymph nodes with MHCA-325 and MHCA-367, 
showed the presence ot high walled vessels in both geno- 
types (not shown). 

We found no difference in hematocrit for wild-type (36.X 
t 2.5) and P-selectin-dclicient (35.8 t 3.6) mice after com- 
parison of live animals. Similarly, splenic hemosiderin, al- 
though variable between animals, was present at equivalent 
levels tor both genotypes. Reticulocyte counts were also 
similar (1.8 ♦ OVA v 2.0 r ()A r /< ) for the Pselectin defi- 
cient and wild-type mice, respectively. These data combined 
with the normal number of erythroid precursors in the BM 
suggest that P selectin is not essential for RBC generation 
nor removal from circulation. 

Dcnuit'xination oj neutrophils. Because there are no ob- 
vious alterations in neutrophil precursor numbers in the BM, 
we reasoned that the higher levels of circulating neutrophils 
in the mutant animals could be caused by delayed clearance 
or to an effect on the marginated fraction of blood neutro- 
phils. "Marginated" neutrophils are thought to reside pre- 
dominantly in lung and spleen and are not detected on routine 
blood sampling. However, they are a readily accessible pool 
of neutrophils that are rapidly mobilized into the general 
circulation in response to epinephrine or Cortisol. 

To test whether P-seleclin -deficient mice and wild-type 
animals have a comparable marginated pool of neutrophils, 
we collected blood samples before and after injection of 
epinephrine. Neutrophil numbers from wild-type mice in- 
creased about fourfold from 4.7 X 10 s /mL to 17.7 X 10' / 
mL (Fig 1 ). P-selectin-deticient mice also responded to the 
epinephrine w ith an approximately twofold increase in circu- 
lating neutrophils from 15.8 X lOVmL to 28.0 x 10 s /mL. 
The increase in both types of mice is statistically significant. 
Although the ratios of response for wild-type mice (4X) 
relative to P-selectin-deticient mice (2x) are different, the 
absolute numbers of neutrophils released into circulation in 
response to epinephrine are comparable (wild -type, 13 X 
HF; mutant, 12.2 x XT). This suggests that the higher pe- 
ripheral neutrophil count in the mutant mice is not caused 
bv a reduction in the marginated pool, wherever that pool 
resides. 



Table 3. Lymphocyte Adherence to HEV 





No. of 


No of 






HEVs 


Bound Cells 


Cells HT:V 


PLN wild type (female) 


U 


210 


15.0 


PLN wild type (male) 


14 


268 


19.1 


PLN mutant (female) 


17 


239 


14.1 


PLN mutant (male) 


15 


233 


15.5 



In vitro binding of lymphocytes to HEVs in wild type and homozy- 
gous mutant PLNs. Frozen sections were incubated with lymphocytes 
and rinsed, and the numbers of adherent lymphocytes were counted 
under the microscope. 



Abbreviation: PLNs, peripheral lymph nodes. 




BASELINE EPINEPHRINE 



Fig 1. Epinephrine-induced demargination in wild-type and P-se- 
lectin-deficient mice. Blood samples were collected from mice 24 
hours before (baseline) and 35 minutes after (epinephrine) intrave- 
nous injection of 0.25 mg/kg epinephrine. Total counts were deter- 
mined by Coulter counter and differential counts were determined 
on stained blood smears. The neutrophilia in response to epinephrine 
was statistically different from baseline for wild-type (■) (P < .01; n 
= 7) and for P-selectin-deficient {&) (P < .05; n = 8) mice. Data were 
compared using the Student's f statistic for paired data. The bar 
graph is presented as mean ± SEM. 

Neutrophil clearance. A delay in neutrophil elearanee 
in the P-selectin-deticient mice could account for the basal 
neutrophilia in these animals. To assess this possibility. 
M Chromium-labeled human neutrophils were injected into 
the tail vein ot normal and homozygous mutant animals. 
Organs (lung, liver, spleen, kidney) and blood were collected 
at various time points after the intravenous injection. The 
amount ot" radioactivity found in the organs was similar in 
the wild-type and P-selectin-deticient mice (not shown). 
Interestingly, mean counts were higher in the spleen of wild- 
type mice for the 40-, 75-, and 135-minute time points, but 
this difference was not statistically significant. The presence 
ot "'Chromium in these organs affirmed generalized circula- 
tion of the human neutrophils. There was no statistically 
significant uii TeieuvC in counts from blood <:tmnlrs collected 
immediately (5 to 15 minutes) after injection ot neutrophils. 
However blood samples collected at 40. 75. and 135 minutes 
after injection exhibited a striking difference in radioactivity. 
Radiolabeled neutrophil counts were significantly higher in 
the mutant animals than in the wild -type at all three lime 
points. The ratio of counts recovered from mutant blood to 
counts from wild-type blood were the highest at 75 minutes 
after injection (Table 4). At 5.5 hours after injection, the 
counts dropped to low levels in both genotypes anil a differ- 
ence was no longer detected. 

Circulating neutrophils may compete for a limited number 
of binding sites when targeted tor removal from the blood 
stream. The P-selectin-deficient mice, having higher num- 
bers of circulating neutrophils, would have a fundamental 



1 110 



JOHNSON ET AL 



Table 4 Comparison of Neutrophil Clearance Between Wild-Type 
and P-Selectin-Deficient Mice 



T i rnr 


\u ut An I TTUi !b 
1 ^M'l1 type "Mutant ■ 


Mean tpn- 
Mutant Mean iprr. 
vVikl Typt' 


P Value* 


5-15 


4:4 


0.97 


.88 


40 


9:7 


1.33 


.02 


75 


13:13 


1.82 


.001 


135 


6:6 


1.49 


.004 


330 


3:4 


0.96 


.75 



* cpm were normalised for counts injected, and counts obtained 
from wild-type and mutant mice were compared using Student f sta- 
tistics for unpaired data. 



disadvantage tor clearance alter injection of heterologous 
neutrophils it' the total circulating neutrophils were to exceed 
this finite capacity tor binding. To examine the influence of 
circulating neutrophils on the clearance of injected neutro- 
phils, we repeated the procedure and determined radioactiv- 
ity in blood, reflecting injected cells only, and peripheral 
blood neutrophil numbers for each animal. Regression analy- 
sis was generated separately for each genotype lo determine 
if there is a correlation between peripheral neutrophil num- 
bers, and counts acquired from injected radiolabeled cells. 
The determination coefficients for w ild-type (r = .022) and 
P-selectin-deticient mice (r = .191) were low indicating 
an insignificant correlation to peripheral neutrophil counts 
with respect to the numbers of labeled neutrophils added to 
the circulation. These results suggest that increased neutro- 
phil counts in the P- select in -deficient mice are likely the 
consequence of retarded clearance from the blood stream. 

ILxperimentiriix Induced Peritonitis 

In our previous study ^ we reported that mobilization of 
neutrophils during the first two hours after induction of peri- 
tonitis was severely compromised in P-selectin-deticient 
mice. In the present study, we wished to extend this analysis 
to later times and also to examine the recruitment of mono- 
cytes that exhibit a more delayed course in response to tissue 
in j u ry. 

Leukocyte extravasation , P-se lectin -deficient and wild- 
type mice were injected with 1 niL thioglycollate in the 
peritoneum and killed 24 or 48 hours later. Although perito- 
neal neutrophil counts were almost twofold higher in the P- 
select in -deficient mice at 24 hours, this difference was not 



Table 5. Total and Differential Counts of Neutrophils in 
Thioglycollate-lnduced Peritonitis 



Time 

ihrsi 




Total Neutrophils ( 








Wild Type 




Mutant 


1.25* 


0.48 


■ 10" (6.6) 0.017 


- 10 6 (0.1) 


2.25* 


3.2 


■ 10 ( ' (32.9) 


0.5 


■ 10 6 (9.8) 


4.0* 


10.9 


- 10 fj (60.0) 


5.2 


- 10 b (46.5) 


24 


1.59 


- 10" (27.4) 


3.15 


■ 10 6 (33.4) 


48 


1.15 


■ 10 fj (13.8) 


0.72 


• 10 6 (10.2) 



* Data from Mayadas et al." 




RESIDENT 24 HRS 48 HRS 



Fig 2. Macrophage recruitment in thioglycollate-induced peritoni- 
tis. Thioglycollate was administered intraperitoneal^ 24 or 48 hours 
before collection of peritoneal infiltrate. Total cell counts were deter- 
mined using a Coulter counter and samples were differentially quan- 
titated on Wright-Giemsa stained cytospin preparations. Differential 
counts for resident macrophages (resident) were performed on cy- 
topsin preparations labeled with a monocyte/macrophage specific 
antibody (F480). There was no statistical difference between resident 
macrophages (n = 3) and macrophages recovered at 24 hours (n = 
8) for either genotype. In contrast, the wild-type {■) mice exhibited 
a significant increase in peritoneal macrophages at 48 hours, whereas 
the P-selectin-deficient (^) mice fail to show any increase after thio- 
glycollate. The asterisk denotes statistical difference {P < .02} be- 
tween wild-type and homozygous mutant mice at 48 hours where n 
= 9. Data were compared using the Student's f statistic for unpaired 
data. The bar graph is presented as mean ± SEM. 



statistically significant (P = .057). Neutrophil counts in the 
inflamed peritoneum were indistinguishahle between mutant 
and wild-type mice at 48 hours (Table 5). Similarly, there 
was no difference in eosinophils in the peritoneum at 24 
(wild-type. 3.8 X 10 s : mutant, 4.9 X 10") or 48 (wild-type. 
7.4 x 10 s ; mutant. 5.9 X 10 s ) hours. 

By 1 and 2 days postinfection, neutrophils represent a less 
significant percentage of the total peritoneal cells than at 
early times and are being replaced by macrophages, which 
differentiate from peripheral blood monocytes extravasating 
through mesenteric venules. As shown in Fig 2. the numbers 
of macrophages at 24 hours are not significantly different 
from the starting population of resident macrophages. Fur- 
thermore, there is no significant difference between mutant 
and wild-type mice. However, by 48 hours, the number of 
macrophages in the wild-type mice had more than tripled, 
whereas that in the mutant mice remained unchanged. There 
was no significant difference in numbers of circulating 
monocytes (not shown). 

Therefore, even during the second day of inflammation, 
P-se lectin continues to play a role in leukocyte recruitment. 
Because the numbers of neutrophils at 1 and 2 days are 
not significant!) different between the mutant and wild-type 
mouse strains, it seems unlikely that the deficit in monocyte 
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Table 6. Behavior of Leukocytes Under Baseline and Inflammatory 



(Thioglycollate) Conditions 





Wild Type 


Mutant 


P Valuti 


Baseline rolling tcells/minj* 








(n 8) 


10.5 - 2.5 


0.05 


.001 


Baseline velocity (//m/s) 








(n 5) 


26.1 - 1.8 


NA 


NA 


Thioglycollate rolling (cells/min} 








(n 6) 


48.9 r 12.6 


1.4 * 0.4 


.004 


Thioglycollate velocity (/jm/s) 








(n 6) 


23.7 - 2.4 


7.1 + 0.6 


■ .001 


Thioglycollate adherent 








{cells/100 ^m> (n 6) 


3.3 - 0.6 


3.6 r 0.9 


.765 



The number of visible cells (diffractile spheres) crossing a given 
plane perpendicular to the vessel axis were counted (rolling). Velocity 
was determined as the time required to travel a defined distance 
along the vessel. Cells were considered adherent if they remained 
stationary for 30 seconds or more. Data were compared using the 
Student's f statistic for unpaired data. The data are presented as mean 
• SEM. 

* Data from Mayadas et al 15 for comparison. 

recruitment is a secondary consequence of early deficits in 
neutrophil extravasation. Rather, it appears that P-selectin, 
which may be expressed in chronic fashion in the blood 
vessels of the inflamed peritoneum, plays a role in monocyte 
extravasation. 

Leukocyte roflin^/intravital microscopy. Because the 
rate of recruitment of neutrophils at 4 hours after thioglycol- 
late injection was similar in both strains of mice, we expected 
to observe leukocyte rolling also in the P-selectin -deficient 
mice. This could be a consequence of the induction of K- 
selectin. Therefore, we performed intravital microscopy at 
3.5 to 4.5 hours postthioglycollate injection. To our surprise, 
we continued to detect a marked difference in the rolling 
behavior of leukocytes in P-selectin-deficient and wild-type 
mice (Table 6). Although rolling was now also observed in 
the mutant mice, the numbers of rolling cells were greatly 
reduced (-3^ of wild-type) and cell movement was differ- 
ent from that seen in the wild-type mice. The rolling cells 
in intlamed vessels of the P-selectin-deficient mice moved 
threefold more slowly than in the wild-type mice {Table 6) 
and were characterized by a very retarded motion as if crawl- 
ing along the vessel wall. There was more variation in veloc- 
ity of the leukocytes in the wild-type mice. With both genetic 
backgrounds, after thioglycollate injection, more cells were 
adherent to the vessel wall than under baseline conditions. 
On the average, there were 3 to 4 adherent leukocytes over 
a venular length of KM) fjm in both the wild-type and P- 
seleclin -deficient mice (Table 6). Consequently, although 
the rate of extravasation of neutrophils at 4 hours is similar 
in wild- type and mutant mice, this similarity is not re Heeled 
in the behavior of rolling leukocytes in the mesenteric ve- 
nules. Because the numbers of rolling cells are much lower 
in the mutant mice, the conversion of rollers to adherent 
and/or extravasated cells appears to be more efficient than 
in the wild- type mice. 

DISCUSSION 

Previously we had shown profound changes in white 
blood cell (WBC) behavior in mice lacking P-selectin on 



mi 

platelets and endothelium. 1 " In this report, we evaluated d\ - 
namics of WBC subsets including neutrophils, lymphocytes, 
and monocytes. No defects were observed in the lymphocyte 
subpopulations we tested, suggesting that lymphocyte differ- 
entiation and homing is not excessively perturbed ( Table 2). 
This is supported by results obtained in the Stamper- Wood- 
ruff assay examining lymphocyte adhesion to lymph nodes 
obtained from P-selectin-deticient mice (Table 3). Lympho- 
cytes adhere normally to lymph-node sections from P-selec- 
tin-deticient animals suggesting, in addition, that under 
these conditions L-selectin on lymphocytes does not present 
a functionally important ligand for P-selectin within periph- 
eral lymph node venules. Because the presence of L-selectin 
is crucial for lymphocyte binding to the peripheral lymph 
nodes, 24 : ^ an L-selectin ligand distinct from P-selectin. per- 
haps GlyCAM-l 2 ' 1 or CD34. :? must be used. In contrast with 
L-selectin-deficient mice that have mostly flat endothelium 
in the peripheral lymph nodes, 24 the P-selectin deficient ani- 
mals" endothelium had a normal appearance. 

Both strains of mice have similar myeloid:erythroid ratios 
in the BM that also support the conclusion that there are no 
major alterations in leukocyte maturation. Equal numbers of 
myeloid precursors and mature neutrophils in the BM of 
wild-type and P-selectin deficient mice ( fable 1) indicate 
that the elevated numbers of blood neutrophils in P-selectin- 
deticient mice are primarily a result of an alteration that 
occurs in the blood vessels. The mechanisms underlying 
the control of neutrophil margi nation and the regulation of 
stimulated release of neutrophils into general circulation (de- 
margi nation) are not well understood/* We wondered 
whether the lack of P-selectin could influence the margi na- 
tion of neutrophils, thereby effectively reducing the pool of 
margin at ing neutrophils and increasing the circulating pool. 
The wild-type mice responded to an injection of epinephrine 
with a fourfold increase in circulating neutrophils, whereas 
the mutant strain exhibited a twofold elevation (Fig 1 ). How- 
ever, as indicated in Results, the total pool of neutrophils 
released into circulation was almost identical in both strains. 
Possibly, the margination event is independent of adhesion 
molecules and is dependent on release of neutrophils from 
spleen and lung upon physical contraction of these organs. 
Nevertheless, these results indicate that the total marginated 
pool in both wild-type and P-selectin-deticient mice is com- 
parable and support the theory that margination is not merely 
a reflection of a constitutive rolling pool of neutrophils. 

The presence of a normal marginated pool of neutrophils 
and the normal appearance of the BM in the P-selectin 
deficient animals suggest that the observed neutrophilia may 
be caused by a delayed clearance of neutrophils f rom circula- 
tion. The half-life of neutrophils in the circulation in humans 
is 6 to 9 hours: thus, the turnover of this population is rela- 
tively rapid. 4 Our studies on neutrophil clearance showed a 
reduction in radiolabeled cells in wild-type mice, whereas 
their removal in the mutant animals was delayed over the 
tirst 2 to 3 hours. (Table 4). It is clear that other mechanisms 
for neutrophil clearance exist because numbers were equiva- 
lent by 5 hours after intravenous injection of labeled cells. 
These results suggest that P-selectin is important for the 
normal turnover of neutrophils in circulation. It is interesting 
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to note that mice deficient tor L-selectin do not have an 
elevation in neutrophil numbers, but parent a prominent 
detect in neutrophil recruitment to intlamed tissue. ' This 
suggests that recruitment at sites of inflammation and clear- 
ance of senescent neutrophils do not use the same adhesion 
mechanisms. It is intriguing that intercellular adhesion mole- 
cule- 1 ( 1CAM- 1 (-deficient mice have e\en higher (fourfold) 
elevation in neutrophils'"" than do P-selectin -deficient 
mice, and leukocyte-adhesion deficiency <LAI)» I patients, 
who lack li : integrin. have a 5- to 20-fold increase." The 
marginated pool of neutrophils is unaffected in LAD I pa- 
tients, but there is delayed clearance of neutrophils (approxi- 
mately twofold)/' similar to what we observe in the P-selec- 
tin -deficient mice. Because the integrin u^t.i : on neutrophils 
binds ICAM-I. possibly the ICAM-1 deficiency or the li : 
deficiency does not allow firm adhesion to endothelium and. 
there lore, removal of neutrophils from circulation is im- 
paired. This adhesive mechanism remains intact in P-selec- 
tin -deficient mice and may explain why the injected neutro- 
phils are cleared from circulation at 5 hours and why the 
neutrophilia is less pronounced. 

Larsen et al :i had previously shown that platelet/neutro- 
phil rosetting could be inhibited with antibodies to P-selectin. 
Using platelets recovered from P-selectin -deficient mice, 
we have confirmed that P-selectin is indeed the major adhe- 
sion molecule contributing to this event. This was true for 
neutrophils isolated from both wild-type mice and P-selec- 
tin-deticient mice. It is notable that activated platelets from 
wild-type mice would efficiently rosette with neutrophils 
recovered from mice deficient for P-selectin. This showed 
that it is possible for neutrophils from the mutant animals 
to bind to P-selectin and. therefore, by extension, they are 
capable of rolling on activated endothelium expressing P- 
selectin. This suggests that the defect in rolling exhibited in 
the mutant animals is solely caused by deficiency of P-selec- 
tin on endothelium and not by a neutrophil defect. 

Our prev ious studies show that a lack of P-selectin affects 
neutrophil recruitment during the initial 2 hours of experi- 
mentally induced peritonitis. Therefore, it is apparent that 
P-selectin plays a major role in cell recruitment in acute 
inflammation where neutrophils predominate. Similarly, 
studies using a soluble I .-select in IgG chimera" and recent 
data with L-selectin -deficient mice 24 indicate that L-selectin 
is important in acute thioglvcollate-induced peritonitis. At 4 
hours, in both P-selectin- and L-selectin - deficient mice, 
the total peritonea] neutrophils begin to approach those re 
covered from wild-type mice and at 24 and 48 hours, we 
observe no significant differences in peritoneal neutrophil 
counts. 

Perhaps the most striking result in the peritonitis model 
was the failure to recruit significant numbers of macrophages 
into the peritoneum of mice lacking P-selectin (Pig 2). In 
principle, this could be a consequence of fewer neutrophils 
at early times in the peritoneum and. therefore, reduced 
c he moat tract ant activity for macrophages. However, the neu- 
trophil numbers in the mutant mice at 24 hours indicate 
that total neutrophil recruitment, although delayed, is not 
significantly impaired. It is possible that the neutrophil con- 
tributes to the recruitment of the macrophage by receiving 



a signal upon P-selectin binding that induces production of 
a substance involved in macrophage recruitment. It such 
process were involved, the P-selectin delicient mouse 
would still have the low observed macrophage recruitment. 

The inflammatory dynamics at 4S hours, when macro- 
phages arc engaged, therefore appears to shift back to one 
that is P-selectin dependent. The role of P-selectin in mono- 
cyte binding is supported by results from other laboratories. 
Monocyte adhesion to inflamed venules was examined in 
a modified Stamper-Woodruff fro/en-section binding assay 
using synov ial biopsy samples f rom patients with rheumatoid 
arthritis. P-selectin was shown to be the principal mediator 
of monocyte adhesion to synovial venules as antibodies to 
P-selectin could inhibit binding greater than °<0' < . Control 
sections of normal foreskin and placenta exhibited minimal 
to no P-selectin - mediated adhesion.'" Moreover, increased 
luminal expression of P-selectin has been detected overlying 
human atherosclerotic plaques of all active developmental 
stages including the fatty streak, whereas no expression is 
observed overlying inactive fibrous lesions or normal arterial 
endothelium. '' Stronger expression w as commonly observed 
where there was concentrated macrophage infiltration. In a 
separate study , the expression of adhesion molecules was 
examined in sections of thyroid glands from patients with an 
autoimmune thyroiditis ((naves' disease). The investigators 
found a positive correlation between expression of P-selectin 
on endothelial cells and mononuclear cell infiltration in af- 
fected thyroid glands/ These observations combined with 
ours suggest that P-selectin may play a role in the recruitment 
of macrophages to chronically inflamed tissue. This is con- 
sistent with data indicating that P-selectin cy cles back to the 
We i be 1- Pa lade body and from there can be re ex pressed on 
the surface of endothelium. 14 Moreover, inflammatory cy to- 
kines also upregulate surface expression of P-selectin while 
inducing L-selectin. 1 1 

To our surprise, we found that rolling of leukocytes was 
still altered in the mutant mice at 4 hours after thioglycollate 
injection (Table 6). We selected the 4-hour time point be- 
cause E-seleclin is likely to be expressed" and P-selectin- 
delicient mice apparently regain the capacity to recruit neu- 
trophils. 1 " Because of the large difference in the rolling leu- 
kocyte numbers (48.9:1.4) in the two genotypes, and no 
difference in the rate of extravasation.^ it appears that the 
number of rolling leukocy tes is not a good predictor of the 
extent of leukocy te extravasation. The reduced rolling veloc- 
ity of leukocy tes was a conspicuous feature in the P-selectin- 
deficient mice. This is likely because of a stronger adhesive 
interaction that mediates leukocyte rolling and prevails in 
the P-selectin deficient animals. Interestingly. Lawrence 
and Springer " recently showed that under flow conditions 
in vitro, the adhesion of neutrophils to L-selectin is stronger 
than to P-selectin; consistent with our data in v ivo, leukocy te 
rolling velocity was slower and less variable when rolling 
on L-selectin than on P-sclectin. Moreover, the apparent 
increased efficiency of" conversion to firm adhesion w ith the 
low level of rolling we observed in the mutant mice could 
be explained by the observation of Lo et aL " that rolling 
on L-selectin can activate neutrophils and increase adhesive 
potential of 'CI ) 1 1 b/CLH 8 (o M /i o. Possibly, prominent P- 
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select in expression in the wild-type animals is masking I: 
sekvlin and ihe resulting rapid rolling on P-selectin produces 
less etheient activation, ll is possible thai the rolling popula- 
tion in normal mice comprises two pools; one large and 
last-rolling, and perhaps convening poorK or not at all to 
adherence, and a second, smaller pool with slower rolling 
\eioeit\ and higher conversion to adherence. If this were the 
case, then one would suppose that the first pool is missing 
in the P-selectin deficient mice, whereas the second pool 
persists and accounts tor the extravasation of neutrophils in 
the mutant mice. In this model, the tirst. fast-rolling pool is 
P-selec tin-dependent and the second, slower rolling pool re- 
lies on some other molecule! s). Whatev er the case, it is clear, 
both from the reduction in leukocyte rolling at four hours 
and from the deficit in macrophage recruitment at 1 to 2 
days in the P-selectin -deficient mice, that P-selectin might 
significantly influence the course of various chronic in- 
flammatory disorders and is not solely involved in early, 
acute phases of" inflammation. 
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Summary 

The inflammatory response at sites of contact hypersensitivity induced by oxazolone was examined 
in the ears of P-selectin-deficient and wild-type mice. Accumulation of CD4* T lymphocytes, 
monocytes, and neutrophils was reduced significantly in the mutant mice, as well as mast cell 
degranulation. In contrast, there was no significant difference in vascular permeability or edema 
between the two genotypes. The results demonstrate a role for P-selectin in recruitment of 
CD4 + T lymphocytes and show that P-selectin plays a role in long-term inflammation as well 
as in acute responses. 



Leukocyte recruitment to sites of inflammation involves sev- 
/ eral steps: Leukocytes initially tether and roll on the ac- 
tivated endothelium; they subsequently become activated and 
bind firmly through leukocyte integrins; and they emigrate 
into surrounding tissues. Leukocyte rolling is a weak, revers- 
ible interaction mediated by the selectins, which appear to 
have overlapping functions (1-3). In the initial phase, P-selectin 
is the primary mediator of leukocyte rolling (4). L-selectin 
that is present on the leukocytes is also involved in rolling 
but most likely in a later time frame (5). E-selectin is ex- 
pressed on activated endothelium hours after the onset of 
inflammation and may participate in rolling, as demonstrated 
recently in vitro (6). 

The role of P-selectin in recruitment of neutrophils and 
monocytes has been studied in chemical peritonitis, acute lung 
injury and ischemia reperfusion (3). However, little is known 
about its function in lymphocyte-mediated chronic inflam- 
mation m models sucn as coniaci uypoivciisiLivii. > v^ 11 /' a 
form of delayed type hypersensitivity. In this cutaneous inflam- 
matory model, the sensitizing agent penetrates the skin and 
binds Langerhans' dendritic cells. These cells act as antigen- 
presenting cells and activate the T lymphocytes in the local 
lymph node to undergo proliferation (7). Upon subsequent 
challenge with the same antigen, the primed CD4 * T lym- 
phocytes, assisted by a subset of CD8 * lymphocytes (7. 8), 
mount a CH response at the site of challenge by secreting 
several cytokines lymphokines (7, 9). Some of these cytokines 
activate the endothelium to express adhesion molecules or 
their ligands (3), which help to recruit monocytes, more lym- 



phocytes, and neutrophils to the site of challenge. The recruited 
macrophages further amplify the reaction by secreting TNF-a 
and IL-1 (10), which increase the expression of P-selectin, 
E-selectin, the ligand for L-selectin, intracellular adhesion mol- 
ecule 1, and vascular cell adhesion molecule on the surface 
of endothelial cells (3). Histamine and serotonin released by 
mast cells and possibly other cells such as platelets (11, 12) 
may be important in the early phase of the reaction. Hista- 
mine and serotonin cause release of P-selectin from the Weibel- 
Palade bodies (13, 14), and this also induces leukocyte rolling 
in vivo (15, 16). 

Antibodies directed against a 4 integrins and LFA-1 re- 
duced the CH response (17, 18). Mice deficient in intracel- 
lular adhesion molecule 1 also have a reduced CH response 
(19). Similarly, antibodies against E-selectin and L-selectin 
diminished the recruitment of lymphocytes m delayed type 
hypersensitivity (20, 21). There are several reasons to think 
that P- elect in mav ?}™ nhv n role in the CH response. 
P-selectin expression is regulated by various mediators present 
in the CH response, and it mediates adhesion of neutrophils, 
monocytes, and subsets of lymphocytes, all of which con- 
tribute to the inflammatory infiltrate in a CH reaction. 
P-selectin is partially responsible for rolling of CD4 * T 
lymphocytes in vitro (22), and it is likely that lymphocytes, 
like other leukocytes, have to roll on the activated endothe- 
lium to infiltrate tissues. Since the rolling of leukocytes is 
practically absent in P-selectin-deficient mice (4), we de- 
cided to use the P-selectin-deficient mice to study the role 
of P-selectin in CH. 
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Materials and Methods 

-U.v<. ^ r-rno-old 12VSv C5~HL wiLi-rvjv P nhv::: 

deficient females i4i were housed ::: the lt n;:ihd ficihtie>. at Mas- 
I'^'-' b h:..v'p -:d-. MA . • : I.:-. \-x 

Inland Medical llentcr (Bo. ton. MA). 

huiu.tion o' (7/ .v Uy^.^nc. On dav 0. were panned 

on the inner surface of both hind legs w:'i: 25 ^1 v^.i/.^m:l' (Sit>:ua 
Chemical Co.. St. Louis. M( )) (0.1 g ml :n 4:1 vol vol ketone olive 
oil); control animals received 23 ^1 of .ketone oliw oil. The mice 
were challenged on day 5 with 5 ^1 ot oxa/olone on the inner side 
ot tlie left pinna and vehicle on right pinna. 2 f.iC\ [ 1 jiododeoxv- 
uridme (5.65 f.tC\ nig. Anier ham Co.. Arlington Height. IL). 
m 0.1 ml PBS was injected into the tail win S h after challenge 
(23), or 0.2 fj.C\ : - : I-albunnn i I BSA. 1.59 ^Ci nig, ICN Bio- 
medicals, Inc.. Costa Mesa, CA) (24) injection was given 16 h after 
challenge. 24 h after challenge, the mice were killed, and pinnae 
were cut off at the hairline and counted. This time point was chosen 
to reflect specific recruitment ot inflammatory cells in response to 
the contact allergen (7). Ear thu kness was measured in mice anesthe- 
tized with metatane (methoxvriurane, Pitman-Moore, Mundelein, 
IL), at 0 and 24 h after the challenge, UMiig an engineer's micrometer. 

Histology Lars were cut in naif longitudinally, and one-half was 
fixed in 10% formaldehyde, embedded m paraffin, and stained with 
hematoxylin and eosin (H&E). The other half was frozen with 
optimum cooling temperature compound (Miles, Inc., Diagnostic 
Division. Elkhart, IN), and sections were stained for CD4 lym- 
phocytes with rat anti-mouse antibodv L3T4 (American Type Cul- 
ture Collection, Rockville. MI)) and for macrophages with F4 80 
antibody (American Type Culture Collection) using the Biotin- 
Streptavidin biotm system (Zvmed Laboratories Inc , South San Fran- 
cisco, CA) and Vectastain ABC kit (Vector Laboratories. Inc., Burlin- 
game, CA). Serial sections from the same ears were stained with 
isotvpe-matched biotinvlated rat IgG2b antibodv as control (Phar- 
Mingen, San Diego, CA). Neutrophils and mast cells were stained 
in paraffin-embedded sections for a specific esterase, cuing the 
naphthol AS-D chloroacetate esterase kit (Sigma Chemical Co.). 
Cells were counted throughout the entire section. All of the sec- 
tions were examined independently by two investigators. The focal 
infiltrates in the epidermis were ellipsoid in shape. The length and 
width of each focal infiltrate was measured u .mg a linear grid on 
a light microscope (BX40F; Olvmpus Corp.. Lake Success. NY) 
in the H&E sections. The area of each focal infiltrate was calcu- 
lated (area ot an ellipsoid = I 2 x W 2 x 7r). 

Results 

To elicit contact hypersensitivity, wild-tvpe and P-sclectin- 
deficient mice were sensitized with oxazolone, and 5 d later 
thev were challenged with the same >ubstanee on their left 
ear. The right ear was painted with vehicle. 24 h after the 
challenge, the ears ot these mice were examined for mono- 
nuclear cell and neutrophil infiltration and for vascular per- 
meability. 

Infiltration of R^idioLibeled Mononuclear Cells. Dividing mono- 
cytes and lymphocytes were labeled with [ :: T]iododeoxvuri- 
dine 8 h after challenge (23), and infiltration of labeled'cells 
at the site of the contact hypersensitivity reaction was deter- 
mined 24 h after challenge b\ subtracting the counts in non- 
challenged ears from those in challenged ears. The mutant 
animals had 53.8% lower infiltration (P <0.017) of radiola- 
beled mononuclear cells (Fig. 1). Animals challenged with 
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Figure 1. Infiltration ot radiolabeled mononuclear cell-.. ( Xxazolonc- 
nl-ii .ltizcd wild-tvpc l -+ - ) and P-selectm -deficient ( - - ) mice were chal- 
lenged 5 d later on their left ear-. [ : : 4 ]Iododeox vundme was injected to 
label d.vidmg mononuclear cell.. 24 h after the challenge, tile infiltration 
ot radiolabeled cells into the ear, ot the 'sensitized and nonseiuitized mice 
wa* determined; counts ot the nonchallenged ear-, were subtracted from 
those ot the challenged ear-,. Bar:, mean ? SFM for each animal group. 
*/' <0.0r. >i - 11 for * ♦ .,i;d n -- 13 for - -; 7* - 0.252, n = 
4 tor ■*■ - and n = 5 tor 



oxazolone without prior sensitization showed much lower 
(<10%) infiltration of radiolabeled cells than did the sensi- 
tized animals (Fig. 1), and there was no statistical difference 
between wild- type and mutant animals. 

Vascular Permeability. Vascular leak in delayed type hyper- 
sensitivity can be demonstrated by the local leakage of svs- 
temically injected radiolabeled albumin into the tissues (24). 
Since the vascular permeability in sensitized animals is reported 
to be maximum between 12 and 24 h (25), iodinated albumin 
was injected in the tail veins of mice 16 h after challenge, 
and both ears were counted 24 h after challenge. The leakage 
ot radiolabeled albumin in mutant animals was 18.5% lower 
than in wild-type animals, but the difference was not statisti- 
cally significant. Ear swelling was also measured using a 
micrometer before and 24 h after challenge. Change in thick- 
ness of ears before and after challenge was 2.55 ± 0.017 < 
10 : mm (n = 17) for the wild-type mice and 2.33 ± 
0.016 x 10 2 mm (n = 18) for the mutants. The small dif- 
ference in swelling (9%) was not statistically significant. 

Histology of Ear Sections. The most notable feature of sec- 
tions taken 24 h after challenge was the appearance of dense 
focal neutrophil infiltrates (confirmed by specific esterase 
staining) in the epidermis. These were less numerous and 
significantly smaller in the mutant than in wild-type mice 
(Fig. 2, h, a). Since the infiltrates were partially necrotic, it 
was not possible to count individual neutrophils. Therefore, 
the area of the focal collections was measured along the en- 
tire ear length and was 6.6 times smaller in the mutant mice 
(Fig, 3). The control nonchallenged ears had no focal infiltrates 
(Fig. 2, t , J). Nonsensitized mice had no or very few of these 
neutrophil clusters, ruling out the possibility that the neu- 
trophil recruitment was an irritant response (Fig. 3). Necrosis 
of the epidermis was seen in the wild-type mice but was less 
prominent m the mutant mice. Neutrophil infiltration was 
also noted in the dermis (Fig. 2) but was more diffuse than 
in the epidermis. To determine neutrophil numbers in the 
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Figure 3. \\wA neutrophil inhl:i\ito :i: L-pidcrnnv I he area o: toeal 
i.cutrophii ;;;rn f r,.:^ w.v- nu-aMircJ alone the entire car length :i: HcVb 
^ta-.ncJ sl'l tioii^ ( .ft- Fig. 2). Bar>, mean * SFM tor eaeh group ot tour 
.iiiinnk */' <0.('()1; 'P = 0.6% (bv V'.:dent\ ; test). 

dermis, paraffin sections were stained with a specific esterase 
stain that identifies neutrophils and mast cells; the mast cells 
are larger and have a central nucleus. The challenged ears ot 
the mutant mice had 4". 7% fewer neutrophils in the dermis 
than did wild-type mice (Table 1). We also examined whether 
mast cell degranulation differed in the two genotypes. The 
specific esterase stain identifies the granules ot mast cells (26), 
therefore, it is likelv that degranulated mast cells would not 
stain. Numbers ot mast cells stained were lower m both geno- 
types in the challenged ears than in control nonchallenged 
ears (Table 1). However, the wild-tvpe mice had significantly 
more degranulation. as their numbers ot positive mast cells 
were 1.6 times lower than m the mutants. Some degranula- 
tion was also observed in the challenged ears ot the nonsensi- 
Mzed animals but was less compared with sensitized animals. 
There did not appear to be anv degranulation in nonchallenged 
ears ot the sensitized and the nonsensitized animals (Table 1) 
The mononuclear cells measured bv the incorporation ot 
[ ■ TJiododeoxyuridine into dividing cells include both lym- 
phocytes and monocytes (23). Monocytes macrophages were 
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also stained with F4 80 antibody (27"). Reduced numbers were 
seen in the mutant mice (data not shown), but the precise 
numbers could not be determined because ot high nonspecific 
background. Since CD A ' T lymphocytes are the effector 
cells in the contact hypersensitivity reaction, their influx into 
the inflammatory site was determined with an mAb to 
CD A ' . Parallel sections were stained with isotvpe-matched 
antibodies, and non specifically stained cells were counted and 
subtracted. The number ot CD4 ' lymphocytes infiltrating 
the dermis ot the challenged ears ot sensitized P-selectin- 
dehcient mice was 2.3 times lower (P <0.046) than that in 
the sensitized wild-tvpe mice (Fig. 4). 

Discussion 

Previously, our laboratory has demonstrated severe impair- 
ment in leukocyte endothelial interaction in P-selectin- 
deficient mice and delayed neutrophil lecruitment in acute 
peritonitis (4). These results imply that recruitment ot leu- 
kocytes may be altered in other inflammatory models, such 
as delayed hypersensitivity reaction, a condition of clinical 
relevance. Thereto re, we studied a well -established murine 
model ot CH in P-selectin -deficient mice. We observed that 
both mononuclear cells and neutrophils were diminished in 
the challenged ears of the sensitized P-selectin-deficient mice 
as compared to wild-tvpe mice. Most interestingly, numbers 
ot CD4 ' T lymphocytes in challenged ears ot the P-selec- 
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tin deficient mice were halt ot that seen in the wild-tvpe mice 
(Fig. 4). It is vcrv likely that, like neutrophils, lymphocytes 
follow the multistep attachment process involving selectins 
and integrins (2). L- and E-selectin are used by lymphocytes 
for homing into Ivmph nodes and skin, respectively (28, 29). 
In another study, rolling ot CD4 ' lymphocytes on TNF-a 
stimulated endothelium in vitro could be partially blocked 
bv anti -P-selectin antibodies but not bv E- or L-selectin anti- 
bodies (22). Although in vitro studies have shown that subsets 
ot T lymphocytes bind P-selectin (3), its role in the actual 
migration to the sites of inflamed tissues has not been studied, 
In this study, we have demonstrated for the first time the 
role of P-selectin in tissue migration ot CD4 ' lymphocytes. 
Since the migration ot CD4 ' lymphocytes into tissues was 
not completely blocked in the P-selectin-deficient mice, it 
is likely that other adhesion molecules are being used,, 

A marked difference in the infiltration of neutrophils be- 
tween the two genotypes was also observed in the present 
CH model. The epidermal focal infiltrates were sixfold higher 
and the dermal infiltrates were twofold higher in the wild* 
tvpe mice. The greater severity ot the epidermal reaction., 
in contrast to the dermal reaction, was probably due to the 
epicutaneous application of the sensitizing agent. In fact, the 
inflammation of the epidermis was seen primarily on the ven- 
tral side, where oxazolone was applied. The murine CH reac- 
tion, unlike the human prototype, has greater neutrophil 
infiltration (30). It is possible that there is a species difference 
in section up-regulation of distinct cytokines or chemokines 
in the CH reaction. It is known that cytokines and chemokines 
preferentially recruit different cell types (2). 

We expected to see less edema in the P-selectin-deficient 
mice, since tissue infiltration ot all inflammatory cells was 
reduced. However, onlv a marginal, nonsignificant decrease 
in edema was observed in the mutant animals. There are sev- 
eral possible reasons why the P-selectin-deficient mice did 
not show protection against edema. Although the mononuc- 
lear cells and neutrophils recruited in the mutant mice are 
tewer than in wild-tvpe mice, it is possible that the numbers 
are sufficient to increase vascular permeability and that fur- 
ther recruitment in wild-tvpe mice does not increase leakage 
any further. Alternatively, the two processes, leukocyte migra- 
tion and leakage, could be independent of one another (31). 

Since mast cell mediators, like histamine and serotonin, 



up-regukite P-selectin by releasing Weibel-Palade bodies (13. 
14), we evaluated mast cell release in the CH reaction. In 
both genotypes, the nonchallenged ears had equivalent 
numbers ot mast cells. The challenged ears of the wild-type 
mice had significantly tewer positive mast cells than did the 
nonchallenged ears. This was observed in the mutant mice 
as well, but to a significantly lesser extent, indicating that 
more mast cells degranulated in the wild-type mice. The more 
intense inflammatory response in the wild-tvpe mice may be 
responsible for this observation. The actual role of mast cells 
in the development of contact hypersensitivity is not clear, 
because mast cell -deficient mice do not show in abnormal 
CH response (32). It is possible that the normal response 
in the mast cell deficient mice may be due to an alternate 
source ot serotonin from other cells like platelets (12). 

P-selectin has been categorized as a molecule involved in 
acute inflammation because it is expressed on the surface w r ithin 
minutes after activation of endothelial cells (13). The results 
presented here clearly show an effect of the absence of P-selectin 
on a long-term inflammatory response. It is conceivable that 
this late effect reflects an earlier defect. For instance, P-selectin 
might plav some role in the sensitization phase. Alternately, 
it is possible that the general reduction in cellular recruit- 
ment we observed 24 h after challenge was due, at least in 
part, to detective infiltration in the first hours of the response, 
Reduced numbers of recruited cells in the first hours, due 
to lack of P-selectin expression, might release lower amounts 
ot cytokines and chcmotactic proteins and thus result in lesser 
endothelial activation and lower additional cellular recruit- 
ment. It is also possible that, in the absence ot P-selectin, 
the mononuclear cells are not full v activated, as P-selectin 
was recently shown to regulate cytokine secretion bv human 
monocytes (33). On the other hand, since P-selectin is known 
to be transcriptionally regulated bv cytokines (34), it is very 
likely to contribute directly to the late recruitment. Moreover, 
we have shown that after surface expression in endothelial 
cells, P-selectin is endocytosed, and a portion of the mole- 
cules travels into nascent storage granules and is therefore 
available tor reuse (35). CH may represent a model that high- 
lights P-velectin's role in long-term leukocyte recruitment. 
Here, for the first time, we have also demonstrated the cru- 
cial role that P-selectin plays in recruitment of CD 4 ' T 
lymphocytes into inflammatory lesions. 
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